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Abstract:

The hippocampus is a region of the brain known for its role in learning and memory. The
neural correlate of memory formation is believed to be changes in synaptic efficacy
through processes broadly termed “synaptic plasticity”. Synaptic plasticity includes long
term changes that increases (potentiation, LTP) or decreases (depression) synaptic
strength. The hippocampus receives modulatory cholinergic afferents originating in the
basal forebrain. This project investigates changes in bidirectional synaptic plasticity in
gene-modified vesicular acetylcholine transporter protein-knockdown (VAChT-KD)
mice, which express decreased acetylcholine secretion. Extracellular field recordings
were performed on hippocampal slices to characterize synaptic physiology in the CA1region glutamatergic synapses. VAChT-KD mice expressed reduced basal transmission
and activity-dependent LTP, though depression was not changed. Furthermore, acute
application of the cholinergic agonist carbachol rescued the LTP deficit. This project
demonstrates that decreased cholinergic tone can affect hippocampal synaptic processes
and suggests mechanisms by which cholinergic pathways may act on synapse
physiology.
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INTRODUCTION
1.

BACKGROUND

2.

RATIONALE/HYPOTHESIS

2

In the last 40 years, there has been a great deal of scientific investigation into the
biophysical and molecular basis of memory ’ . The central theory is that information is
physically stored as synaptic connections in the nervous system and that learning is
obtained through the strengthening of specific synapses and depression of others through
processes broadly termed “synaptic plasticity” 3' 4. There is increasing evidence that
acetylcholine (ACh) originating from basal forebrain neurons modulates the neural
mechanisms involved in synaptic plasticity 5'7. Cholinergic neurons originating in the
basal forebrain project to several cortical and subcortical areas including the
hippocampus 8, a brain region considered to have a functional role in memory 9’10. This
project uses recently generated gene-modified mice which exhibit altered cholinergic
tone to study cholinergic modulation of synaptic plasticity.

1.

Background

1.1

The Hippocampus

1.1.1

Role in Cognition and Memory
The hippocampus plays a central role in memory processes and its physiological

function in cognition and memory has been extensively researched for several decades 11.
Perhaps the most famous example of hippocampal function is in an epileptic patient
known to the scientific community as H.M. who, in the 1950s, was surgically treated with
bilateral excision of the medial temporal lobes. Though the procedure was successful in
controlling his epilepsy, the patient suffered from severe anterograde amnesia specifically
affecting declarative memory .
Early scientific studies with small mammals used lesioning and in vivo recording
techniques to understand hippocampal function. Anatomically, the hippocampus is a
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limbocortical structure consisting of two bilateral horns lining the medial temporal
lobes13,14. Hippocampal lesion studies revealed an array of behavioural alterations in
rodents and opened the door for further investigation into the possible roles the
hippocampus might play, which included motivation, behavioural inhibition, and various
forms of learning and memory consolidation L\ Particularly interesting single-unit
recordings included the discovery of increased hippocampal activation in rabbits during
associative learning

and the discovery of place cells , which increased their firing rate

depending on spatial location and orientation. The latter finding led to determining the
hippocampus’ role in spatial memory and context-based learning. In 1982, Morris et al.
demonstrated that rats with hippocampal lesions present impaired performance on spatialmemory tasks l0.

1.1.2 Neurocircuitry
Transverse sectioning of the hippocampus reveals a simple, unidirectional,
laminar circuitry with a single layer of pyramidal neuron cell bodies lining the middle
layer (the stratum pyramidale) . These pyramidal neurons are oriented so that their basal
dendrites occupy the outer layer {stratum oriens) and apical dendrites occupy the inner
layers {stratum radiatum and stratum lacunosum/moleculare). Cortical input into the
hippocampus is principally via the entorhinal cortex and projects mainly to the dentate
gyrus granule cells. Granule cells project their mossy fibres to the CA3 pyramidal
neurons, which then project glutamatergic fibres to CA1 pyramidal cells via axons along
the stratum radiatum known as “Schaffer collaterals” (Figure 1.1). CA1 neurons then
project out of the hippocampus to cortical and other limbic regions such as the amygdale
9. In addition to the principal network described above, hippocampal networks are
regulated by GABAergic interneurons as well as extrinsic afferents such as cholinergic
fibres from the basal forebrain l8, l9.

Figure 1.1. Structure and location of hippocampal horn ithinthe medial temporal lobe. *v>jst.
Transverse slice of hippocampus illustrating the principal trisynaptic circuitry Somas of
pyramidal cells are located along the stratum pyramidale (grey line). Basal dendrites are
present in the stratum oriens (s.o.) and apical dendrites are situated in the stratum radiatum
(s.r.). Granule cells (blue) in the dentate gyrus (DG) receive major input from the entorhinal
cortex. Granule cells then project to dendrites of CAS-area pyramidal cells (orange) via mossy
fibres (MF). CA3 pyramidal cells project to CAl-region pyramidal cells (red) via Schaffer
collaterals (SC).
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1.2

Glutamatergic Synaptic Transmission
Rapid communication between neurons is achieved through the conversions of

electrical and chemical signals at specialized meeting points between two neurons called
synapses. A single neuron can form thousands of synapses with other neurons 20. In brief,
transmission begins with the initiation of an action potential at the axon hillock of the
presynaptic neuron. The action potential then propagates down the axon until it reaches a
presynaptic terminal and causes depolarization of the substructure’s membrane. This
depolarization opens voltage-dependent calcium channels (VDCC), leading to an influx
of calcium. The calcium influx triggers vesicles containing chemical neurotransmitters to
release their content into the synaptic cleft by exocytosis 20. The neurotransmitter then
diffuses the short distance across the synaptic cleft and binds specific receptors on the
postsynaptic neuron located at specialized protrusions of the dendritic tree known as
dendritic spines . Neurotransmitter clearance from the synaptic cleft can be achieved by
reuptake of the chemical by the presynaptic terminal, by surrounding glial cells21, or by
enzymes present in the cleft which metabolize the transmitter 22.
In the case of excitatory transmission, activation of postsynaptic receptors leads to
opening of ion channels which depolarize the local internal dendritic environment
resulting in an excitatory postsynaptic potential (EPSP) 23. This depolarization is
passively relayed through the dendritic tree and can reach the neuron’s cell body 20. If the
soma’s axon hillock develops a threshold level of depolarization by both temporal and
spatial summation of multiple EPSPs received, an action potential may be initiated by the
postsynaptic neuron and consequently be propagated down its own axon 20.

1.2.1

Glutamate Receptors
The principal neurons of the hippocampus network are pyramidal neurons that

release the excitatory amino acid glutamate 24. Upon neurotransmitter release of
glutamate into the synaptic cleft, a postsynaptic pyramidal neuron receives the message
through several types of glutamate receptors. The two major excitatory glutamate
receptors present at hippocampal pyramidal cell synapses are the ionotropic receptors a-
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amino-3-hydroxyl-5-methyl-4-isoxazole-propionate receptor (AMPAR) and N-methyl-Daspartic acid receptor (NMDAR) 2~. Other receptors include the ionotropic kainate
receptor26 and the class of G protein-coupled receptors (GPCR) known collectively as
metabotropic glutamate receptors (mGluRl-8) ’ .
AMPA receptors and NMDARs are similarly distributed throughout the brain .
Colocalization of these receptors has been described in several brain regions including
the CA1 hippocampal dendritic spines

. Postsynaptic spines are protein rich and

specialized regions that contain a wide array of cytoskeletal and scaffolding proteins that
regulate synapse structure, receptor localization, and bind and orient proteins required for
both downstream signaling and upstream regulation of synapse function. Together, this
organized and complex collection of proteins and membrane structures make up the
“postsynaptic density” (PSD)3.

1.2.1.1 AMPA Receptors
AMPA receptors are heterotetrameric glutamate-gated ion channels that
contribute to the vast majority of depolarization during glutamatergic excitatory synaptic
transmission 30. AMPAR gene family consists of four distinct yet similar genes which
each code for an AMPAR subunit type (GluRl-4), though isoforms are possible. Though
subunit affects channel kinetics, AMPARs are generally considered fast-acting and shortlasting, with a short refractory period to recover ’ .
Perhaps the most important subunit-dependent mediation of AMPAR function is
the role of GluR2 in cation-specificity. GluR2 is one of the most abundant subunits and
its presence in an AMPAR renders the receptor essentially Ca2+-impermeable . In the
hippocampus, AMPARs are expressed not only on pyramidal cells but also on
GABAergic intemeurons and glial cells. Pyramidal cells express mainly GluR2containing AMPARs such as GluRl/2 and GluR2/3, whereas GABAergic intemeurons
and glial cells may contain more Ca2+-permeable receptor types34,3“.
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AMPA receptors are anchored and organized at the synapse by several
scaffolding proteins. Many of these proteins contain protein motifs known as PDZ
domains that interact with the intracellular C-terminal tails of the receptor subunits . For
example, Glutamate receptor interacting protein (GRIP) and AMPAR binding protein
•

(ABP) bind GluR2 and GluR3

"2A

•

•

•

. Other examples of this highly complex regulation of

AMPAR function includes Protein Interacting with C-kinase (PICK1), which brings
GluR2 into proximity with some forms of PKC

, and A kinase-anchoring protein

(AKAP), which binds GluRl and may be involved with AMPAR interaction with PKA
TO

#

#

^

. Also, NMDARs and AMPARs can be brought into close proximity through synapse

associated protein of 97 kDa, which has a Src-homology domain that can facilitate
receptor phosphorylation by the Src family of tyrosine kinases .

1.2.1.2 NMDA Receptors
NMDA receptors are higher in affinity to glutamate than AMPAR but display
much slower kinetics, which may assist in temporal summation during periods of high
frequency synaptic transmission 23’39. NMDARs likely contribute little to basal levels of
synaptic transmission at CA1 synapses 30. Early studies using glutamate and aspartate as
agonist described a region of negative slope conductance in the I-V relation at potentials
more negative than -30 mV, indicating some form of voltage-dependence on activation 40.
It was discovered that this was due to a physiological Mg2+ block of the channel, which
requires prior depolarization from resting membrane potential to be removed 40~42. This
has given NMDAR a proposed role in “coincidence detection” since it requires both
ligand binding and prior postsynaptic depolarization in order to functionally open .
Similar to AMPARs, NMDARs are permeable to monovalent cations. However,
unlike GluR2-containing AMPARs, NMDARs are also permeable to calcium ions which
can affect local kinase activity 39. As will be discussed, NMDAR’s dual role as a
coincidence detector and initiator of intracellular calcium signaling makes it an important
player in activity-dependent cell processes.
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NMDA receptor subunit composition includes two NR1 subunits, and two
subunits which can be either NR2 (four subtypes, NR2A-D) or NR3 (two subtypes,
NR3A-B)43. The NR1 gene contains three regions of alternative splicing and yields 8
protein variants 44. Regardless of splicing, functional NR1 subunits contain a binding site
for the co-agonist glycine 43. In contrast to NR1, NR2 subunits are all expressed by
distinct genes and do not contain a glycine-binding site but rather a site for glutamate
binding 43,4\ NR2A and NR2B are the most common NR2 subunits in the hippocampus
and NMDARs can contain in conjunction with the two obligatory NR1 subunits either
two NR2A (NR2A-R), two NR2B (NR2B-R) or one of each 46.
NR2A and NR2B subunits confer different receptor physiology. NR2B subunits
have been described to stay open much longer than NR2A subunits, though the type of
NR1 subunit associated with it and intracellular protein interactions can greatly affect
function 4j. Furthermore, both subunits possess long intracellular C-terminal tails that
express different phosphorylation sites and domains for protein binding 46. For example,
though Ca2+/calmodulin-dependent protein kinase II (CaMKII) can phosphorylate both
NR2A and NR2B subunits, it does so at different sites: serine 1289 for NR2A and
serine 1303 for NR2B 39’47.

NMDA receptors interact with numerous PSD proteins and the associations that
NMDARs make through the PDZ-domain containing PSD-95 are particularly important
in mediating PSD processes 48’49. Through direct association ofNMDAR and indirect
association of AMPAR via the transmembrane protein stargazin, PSD-95 can bring the
two receptors into close proximity 32. PSD-95 can also couple NMDAR upstream of
Mitogen-activated protein kinase (MAPK) pathways 50 and downstream of Src tyrosine
kinase function 51. Phosphorylation plays a crucial role in NMDAR function. Both
serine/threonine kinases as well as tyrosines kinases have been shown to modulate
channel conductance and the receptors coupling to downstream pathways related to
glutamate-mediated synaptic processes46,48, i2.
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1.3

Synaptic Plasticity
Synapses are able to modify the efficiency with which they transmit information

from one neuron to another. This property is known as synaptic plasticity and is the basis
of information storage in the brain. New information that becomes coded by synaptic
connections in the nervous system require not only activity-dependent strengthening of
specific synapses and depression of others but also long-term maintenance ' 3. Much of
this thought is credited to the concepts of Hebbian synapse theory 54, which is popularly
stated as “cells that fire together, wire together'. Though many mechanisms likely exist
that satisfy activity-dependent changes in synaptic connections, the processes of
NMDAR-dependent long-term potentiation (LTP) and depression (LTD) are perhaps the
most understood.

1.3.1

Long-Term Potentiation
LTP has gained recognition as a neural process required for several different

learning modalities 11,4. It was first elicited in the anaesthetized rabbit by Lomo in Per
Andersen’s lab in 1966 5i and was formally reported in 1973 56. To define LTP, it is an
observed long-lasting increase in a synapse’s efficacy upon considerable activation of
that synapse. LTP mechanisms differ across and within brain regions and
neurotransmitter type. For example, LTP at the glutamatergic synapses of the CA1
hippocampal region is considered to be Hebbian (requires activation of both presynapse
and postsynapse) and NMDAR-dependent '. In contrast, LTP in the nearby CA3 region
between glutamatergic mossy fibres from the dentate gyrus and postsynaptic pyramidal
cells can be non-Hebbian (only presynaptic mechanisms required) and NMDARindependent ~7.
Within the hippocampus, LTP has been extensively studied at the CA1 region;
specifically between the excitatory glutamatergic Schaffer collaterals coming largely
from the CA3 region and the CA1 cell body dendrites. Performing field recordings of the
excitatory postsynaptic potentials produced in the CA1 apical dendritic layer in response
to stimulation of Schaffer collaterals is a simple and effective way to examine the effect
of high frequency stimulation (HFS) on postsynaptic potentials '. The parameter
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commonly used to compare field excitatory postsynaptic potentials (flEPSP) before and
after a conditioning stimulus is the slope of the fEPSP waveform. A maintained increase
in the fEPSP slope is characteristic of LTP induction (Figure 1.2).

The cellular mechanisms mediating LTP in the CA1 hippocampus are complex.
However, LTP induced by HFS is thought to be mediated largely by glutamate receptors.
Since LTP-induction has been observed to be NMDAR-dependent, the Ca2+ influx may
be a key event involved in LTP, with Ca2+ acting as a second messenger. In fact, the
expression of LTP involves a number of intracellular signaling pathways which are
initiated by a Ca2+ influx. These processes ultimately lead to a maintained increase in
synaptic strength to proceeding stimulation by either increasing neurotransmitter release
from the presynapse, or by increasing the quantity and efficacy of ionotropic glutamate
receptors at the postsynapse by the modification and translocation of already-existing
. • 58
proteins
.

Several proteins have been implied as downstream signals for NMDAR-driven
LTP. The most recognized kinase is CAMKII for several reasons . First, the activation
of CAMKII requires only calmodulin and the presence of calcium. Calmodulin is already
present in the PSD 59 so once NMDAR activation triggers a calcium influx, CAMKII is
readily activated. Second, CAMKII is capable of autophosphorylation upon activation
and so can remain active even after the transient calcium influx 60. Third and lastly,
CAMKII has in fact been shown to be activated upon HFS stimulation of CA1 afferents
in an NMDAR-dependent manner 61. CAMKII acts on ionotropic glutamate receptors
either directly or through a cascade of events3. For example, it can phosphorylate residues
on AMPAR subunit GluRl during LTP , which may both enhance the receptor’s channel
conductance 62 and transport it to the synapse 63 64 (Figure 1.3).

Other threonine/serine kinases such as PKC and PKA are known to play a role in
LTP pathways

ro

. For example, PKC inhibitors have been reported to block LTP

¿c

a

while

increasing PKC activity can enhance LTP 66. However, the NMDAR-mediated calcium
influx may not be sufficient for their activation. Conversely, there are proposed
mechanisms for glutamate-mediated activation of PKC that involve synergistic actions of

11

NMDAR and mGluR 67, but its physiological contributions to LTP are still not clear. It is
more likely that PKC and PKA pathways converge either upstream or downstream of
NMDAR pathways but are not required during the NMDAR-mediated LTP-inducing
event.

HFS paradigms for inducing LTP often produce a short period of heightened
short-term potentiation (STP) that diminishes within a few minutes . STP is not a very
well understood process. However, it is considered to be NMDAR-independent and
largely due to the presynaptic calcium accumulation that results from HFS 68’69. This
rapid and robust increase may alter vesicle dynamics stimulating the production of more
readily releasable vesicles from a reserve pool70. Furthermore, the repetitive firing of
action potentials can lead to increased calcium influx per action potential 71, which may
be in part due to voltage-dependent relief of mechanisms that inhibit calcium channels.

Figure 1.2. LTP Induction. Stimulation of Schaffer collaterals by
electrode signals synaptic transmission in the CA1. Extracellular
recording electrode placed in the CA1 apical dendrite region records the
current sink created by the population of depolarizing dendrites (fEPSP;
top right). The small waveform immediately preceding the fEPSP
represents incoming action potentials from afferent fibres (afferent
volley, black arrow, top right). HFS enhances fEPSPs. This increase
in synaptic efficacy can be quantified by measuring the increase in
fEPSP slope (red line) over time (bottom right, black arrow represents
HFS event).
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G lutam ate

Figure 1.3. Mechanisms of LTP. 1, Glutamate released by
presynaptic terminal binds and opens AMPARs and NMDARs,
however NMDARs are still functionally blocked by Mg2+. 2, Once
there is adequate depolarization by AMPARs, the Mg2+ ion is
released and NMDARs generate sodium/calcium influxes. 3, Calcium
influx activates of kinases which can then enhance subsequent
depolarization by synaptic transmission through mechanisms that
increase channel conductance of AMPARs or insert more AMPARs
to synapse surface.
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1.3.2

Long-Term Depression

If there were only mechanisms for an increase in synaptic efficacy, then synapses
would eventually develop a persistently saturated state of potentiation and the ability to
store information through pathway-specific synapses would become problematic 3. LTP's
functional counterpart, LTD, is the decrease in synaptic efficacy. The most common
induction paradigm for LTD at the CA1 hippocampus involves low frequency stimulation
(LFS) of the Schaffer collaterals ’ . Surprisingly, LTD induction is similar to LTP in
that they are both NMDAR-dependent72.

LTD mechanisms are not as well known as in LTP. However, there is a
consensus that it involves phosphatase activity that either reverses the effects of LTPinducing kinases (in the case of “depotentiation”) or dephosphorylates other relevant sites
on receptors or PSD-proteins related to receptor surface expression . Depotentiation due
to the dephosphorylation of residues previously phosphorylated by activity-dependent
LTP involves different mechanisms than proper LTD. For example, although S845A
knockin mutation of the GluRl subunit in mice permits depotentiation following LTP
induction, LTD is not stably expressed .

Two phosphatases that have been discovered to play a role in LTD processes are
PP1 and calcineurin, which are involved in GluRl dephosphorylation ’ . Furthermore,
AMPAR internalization is understood to be a major contributor to LTD . Though a
clear mechanism has not been discovered, NMDAR activation by a high dose of NMDA
can lead to decreased AMPAR surface expression by both inhibiting PKA activity on
AMPAR and favouring calcineurin actions 74. Furthermore, some studies have found that
some form of NMDAR-dependent activation of phospholipase C (PLC) leads to a
decrease in PSD-95 as well as AMPAR levels in dendritic spines, possibly by
Phosphatidylinositol 4,5-bisphosphate (PIP2)-hydrolysis that destabilizes scaffolding
proteins that are linked to the membrane by PIP2 ’ .
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Apart from NMDAR-dependent LTD, LTD can be induced at some hippocampal
glutamatergic synapses through activation of mGluR . mGluR-LTD has been identified
in various brain regions, and its mechanisms can vary from presynaptic origin to
postsynaptic, and Ca2+-dependent to Ca2+-independent (see (28) 28 for review). This
form of LTD is not as well understood as NMDAR-dependent plasticity, but is a valuable
example of not only the complexity and diversity of synaptic plasticity processes, but also
of how GPCRs can affect synaptic physiology.

The overall mechanism controlling LTP and LTD is indeed an immense and
complex clockwork. It is clear that NMDAR activation is not a simple “ON/OFF switch”
for LTD and LTP. However, since HFS leads to LTP and LFS to LTD, the switch might
be dependent on the input frequency and the way the synapse is “tuned up” to receive that
input message.

1.3.3

BCM Model of Bidirectional Synaptic Plasticity
In 1982, Bienenstock, Cooper, and Munro (BCM) formulated a computational

model for bidirectional synaptic plasticity 76. The BCM theory proposes that a neuron’s
synaptic weight changes based on the extent of afferent input (Figure 1.4). If afferent
stimulation is greater than a certain value, 0M , then synaptic potentiation will occur; and
if it is below OM, then depression occurs. Thus, 0M represents the LTD/LTP threshold
frequency. In fact, Dudek and Bear demonstrated this property in the hippocampus by
stimulating slices at different frequencies and plotting the direction and extent of
plasticity against stimulation frequency

. Furthermore, the theory explains that 0M is

due to the biophysical properties of the synapse and thus extrinsic factors, such as
neurotransmitter signals, may cause the value of 0M to “slide”. These extrinsic factors
may be due to paracrine, endocrine, or other neurotransmitters signals that alter the cell’s
resting physiology 11.
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Figure 1.4. Simplified BCM model describing modification of the direction
and magnitude of synaptic strength by postsynaptic activity. BCM theory
identifies 0 m as the “switching point”: stimulation less than this value
produces LTD whereas stimulation greater than this value produces LTP.
Figure from Abraham and Tate, 199776.
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1.4

Cholinergic Expression in the Hippocampus

1.4.1

Basal Forebrain Cholinergic System
The basal forebrain is a structurally heterogeneous brain region located ventral to

the striatum and includes the medial septum (MS), the vertical and horizontal diagonal
bands of Broca (VDB and HDB, respectively), and the magnocellular basal nucleus
o

(MBN) . Basal forebrain cholinergic neurons project to cortical, limbic and diencephalic
regions and are considered to play a particular role in attention, arousal and memory 78,
and the diversity of its projections suggest it contributes to many other behavioural states
79

The secretion and recycling of acetylcholine by cholinergic nerve terminals
requires four main protein players: choline acetyltransferase (ChAT), vesicular
acetylcholine transporter (VAChT), acetylcholinesterase (AChE), and the high-affinity
choline transporter (ChT). Synthesis of ACh in the cytosol involves the addition of an
acetyl group to choline by ChAT. ACh is then transported into secretory vesicles by the
vesicle-bound VAChT . This process is dependent on a H+/ATPase that generates a
proton gradient to power vesicle loading . Upon neurotransmitter release, ACh is
broken down into choline and acetate by the extracellular enzyme AChE and choline is
taken up for recycling by ChT 82 . The detection of these proteins individually or in
combination is a common method of identifying cholinergic terminals

.

Studies regarding the basal forebrain cholinergic system role in memory have
been achieved primarily by pharmacological and lesioning techniques. Early
investigations reported that anticholinergic drugs such as scopolamine induce transient
amnesia in rats . Similarly, cholinergic stimulation improved the performance of mice
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in memory retention exercises

. Furthermore, lesioning the basal forebrain in rats

resulted in the animals taking longer to master the Morris water maze task 86.
A particularly interesting finding that links cholinergic processes with central
nervous system-wide integration for memory function is that ACh levels rise in the cortex
and hippocampus following several learning tasks 78,87. However, controversy developed
in the 1990s when selective cholinergic immunolesioning techniques by injection of the
toxin 192-IgG-saporin into the lateral ventricles of rats reported contradicting results.
Some findings showed that although there was effective decrease in cholinergic activity
in relevant areas such as the hippocampus, immunolesioned animals did not perform
differently in spatial learning tasks than spared animals 88; or that deficits in spatial
memory may not be exclusively due to denervation in the hippocampus

. However,

others reported that spatial working memory deficits were observed in immunolesion
models and were linked with hippocampus cholinergic function 90'92.

1.4.2

Cholinergic Expression in the Hippocampus
Cholinergic neurons in the basal forebrain project to the hippocampus mainly

from the VDB and MS and innervate the entire dorsoventral aspect of the hippocampus
93,94. Both metabotropic muscarinic-type (mAChR) and ionotropic nicotinic-type
acetylcholine receptors (nAChR) are present in the hippocampus 9;>'97. The muscarinic
receptor family is a group of five GPCRs, M1-M5, coded by related but distinct genes.
In rodents, all five subtypes have been detected in the hippocampus by various methods
including immunocytochemistry 98 and radioligand binding assays " . In the CA1 stratum
radiatum, Ml receptors are the predominant muscarinic receptor type followed by M4,
M3, and M2

10°.

The locus of expression of different muscarinic receptors has been difficult to
evaluate in the hippocampus, largely due to the heterogeneity of neuron types present. In
addition to the principal glutamatergic pyramidal neurons and inhibitory GABAergic
intemeurons, extrinsic afferents containing cholinergic, dopaminergic, and adrenergic
terminals also exist l01,102. The Gq-coupled Ml receptor is well established to be present
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at CA1 dendritic spines 19,98 though has also been shown to be present at the presynaptic
terminals of Schaffer collaterals

along with M3. Gi-coupled M2 receptors are mainly

expressed as presynaptic regulatory autoreceptors at cholinergic terminals. However, they
also have heteroreceptor actions on intemeurons and possibly on dendrites of pyramidal
cells l04' 106, though the latter is poorly explored.
Nicotinic receptors are acetylcholine-gated ion channels formed by five subunits.
There have been 17 genes identified that encode nAchR. The two main nicotinic
receptors expressed in the hippocampus are homomeric a7 receptors and heteromers
containing P2 subunits such as a4p2 l07, l08. Nicotinic receptors have been demonstrated
to be present at both presynaptic terminals as well as at postsynaptic apical dendritic
spines %. These synaptic loci make nAChR a potential glutamate activity-independent
source of depolarization from resting membrane potential.

1.4.3

Cholinergic Modulation of Synaptic Processes
Cholinergic pathways are able to modulate synaptic plasticity of glutamatergic

principal synapses in the CA1 hippocampus. However, the physiological direction of
plasticity and its mechanisms are controversial and unclear. For example, Ml receptors
have been shown to colocalize with NMDARs in vitro and can potentiate their response
to agonists l09. However, how this contributes to long-term plasticity, especially when
one recalls NMDAR function in both synaptic potentiation and depression, is uncertain.
Some studies have shown that immunolesioning the basal forebrain in rats does not affect
LTP in hippocampal slices 110. On the other hand, there have been reports that have
demonstrated an effect with lesioned adult rats but not infant 11'. In vitro
pharmacological slice studies have produced insightful, although confounding, findings.
Administration of cholinergic agonist in slices has demonstrated that cholinergic
activation affects basal transmission in both directions in a dose dependent manner ’
Nonetheless, even at high concentrations that cause depression of basal transmission
there is increased potentiation after high frequency stimulation, indicating cholinergic
enhancement of activity-dependent LTP 113. Another strong case for acetylcholine’s

.
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overall enhancing action on hippocampus LTP is the in vivo enhancement of LTP in the
presence of the AChE inhibitor serine sulfate 6.

1.4.4

Vesicular Acetylcholine Transporter - Knockdown Mice
To investigate the effects of decreased endogenous cholinergic tone, a gene-

modified mouse line was recently generated with a knockdown mutation of the gene
encoding the vesicular acetylcholine transporter protein (VAChT)80. Mice expressing
homozygous “knocked down” VAChT gene expression (VAChT-KD) express VAChT at
levels of 30% of that of wildtype. Functionally, VAChT-KD mice display impaired ACh
release. Electrophysiological measurements of spontaneous vesicle release at the
neuromuscular junction reveals decreased amplitude and frequency of miniature end
plate potentials, indicating decreased quantal packaging of ACh into vesicles. In
addition, brain microdialysis of cortex and striatum reveals a 30% decrease in
extracellular ACh secretion in heterozygous VAChT-KD. Importantly, these mice
express deficiencies in learning tasks that require object or social recognition .
Furthermore, treatment of heterozygous mice with cholinesterase inhibitors to maintain
cholinergic tone in neural tissue reverses the deficits in at least object recognition " 4.
Preliminary results (Prado et al., unpublished) indicate that homozygous VAChT-KD
mice show no change in protein expression of muscarinic receptors in the hippocampus.
However, whether these receptors are sufficiently activated and coupled to synaptic
plasticity-related processes is uncertain.
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2.

Rationale/Hypothesis

2.1

Rationale
The VAChT-KD mice are a valuable tool for studying cholinergic modulation of

synaptic plasticity. Since they endogenously express decreased cholinergic tone, they
provide a novel approach to understanding the role of acetylcholine in hippocampal
synaptic plasticity without the need to perform invasive lesions or for pharmacological
administration.

Though the literature continues to be controversial, there are still strong cases that
cholinergic effects on the hippocampus support activity-dependent synaptic plasticity,
particularly LTP. With decreased cholinergic input, not only may hippocampal LTP be
attenuated, but an overall shift in the frequency-dependence of bidirectional synaptic may
also be observed.

2.2

Hypothesis
I hypothesize that activity-dependent hippocampal synaptic plasticity in

cholinergic-deficient VAChT-KD mice is impaired: that the extent of LTP expression
induced by HFS is attenuated and is related to a corresponding shift in the frequencydependent BCM curve.

3. METHODS
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3.1

Slice preparation
All experiments were approved by the Animal Use Subcommittee of the

University Council on Animal Care (The University of Western Ontario; set Appendix).
With the exception of preliminary studies (see Results: Optimizing protocol for LTD
expression: LTD is age-dependent in wildtype slices) P21-P35 VAChT-KD homozygous
mice and their wildtype (C57BL/J6) littermates were used. Mice were anesthetized with
isoflurane and decapitated. Brains were isolated and placed in chilled artificial
cerebrospinal fluid (ACSF; containing, in mM: 124 NaCl, 5 KC1, 1.3 MgCU, 2.6 CaCL,
1.25 NAH2PO4, and 26 NaHC0 3 , and 10 glucose) oxygenated with 95% O2/ 5% CO2
carbogen mix. Hippocampal horns were then isolated and mounted in agar along their
longitudinal axis and sliced into transverse sections 350pm thick with a Vibratome 1200S
(Leica Microsystem, Heppenheim, Germany). Slices were given at least one hour for
recover at room temperature in oxygenated ACSF before proceeding to field recordings.

3.2

Electrophysiology

3.2.1

Data acquisition
All recording signals were amplified 1000 times via a MultiClamp 700B amplifier

and digitized by Digidata 1440A, acquired at 10kHz and filtered at 2kHz. Data was
recorded and analyzed with Clampex 10.2 and Clampfit 10.2 software, respectively. All
equipment and software from Molecular Devices Corporation, Union City, USA.

3.2.2

Extracellular field recordings
Hippocampal slices were placed in a recording chamber with continuous

perfusion of oxygenated ACSF maintained at 28-31°C at a flow rate of 3mL/min. A
concentric bipolar stimulating electrode (Rhodes Medical Instruments, Inc, Summerland,
CA, USA; MicroProbes for Life Science, Gaithersburg, MD, USA) was placed on the
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surface of the slice over the Schaffer collateral region. Stimulation pulses lasted 0.1 ms
for all protocols. A glass recording electrode (1-5Q) fdled with ACSF was placed in the
middle of the CA1 region’s stratum radiatum. The depth of the recording electrode in the
slice was determined by the depth which produced the maximal response. The following
tests were then executed:

i) Input/Output
Starting at a stimulating intensity which produced a minimum fEPSP response,
extracellular field potentials were recorded at increasing current intensity every 20
seconds until spiking was produced. The slope relating the afferent volley amplitude with
the subsequent fEPSP slope produced with increasing stimulation was used to
characterize basal synaptic transmission. Slices which spiked at fEPSP amplitudes less
than 1.5 mV were excluded from further studies.

ii) Paired-pulse facilitation
To assess facilitation of fEPSP response following an identical stimulus, slices
were stimulated using a paired-pulse protocol at a stimulus intensity which produced
either 1/2 or 1/3 the maximum, spike-free fEPSP response. Pulses were paired at the
following intervals: 10ms, 20ms, 40ms, 80ms, 150ms, 300ms, 500ms, and 1000ms.

iii) Synaptic plasticity: BCM-like curve generation

Baseline measures were established using single-pulse stimulation at 0.05Hz at a
current intensity adjusted to produce 1/2 the maximum, spike-free fEPSP response. After
establishing stable baseline recordings for 20 minutes, slices were stimulated at either
100Hz for one second to produce LTP, 1Hz for 600s to produce LTD, or at intermediate
stimulations of 5Hz, 10Hz, and 20Hz for 600 pulses each. This “plasticity-inducing”
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phase was followed by one hour of baseline stimulation. Recordings of the fEPSP slopes
from the last five minutes of this hour were normalized to the mean value of the 20
minute “baseline” period of recording and used to determine the extent of long-term
plasticity.
For some experiments, the NMDAR antagonist, (2i?)-amino-5-phosphonopentanoate
(AP5; lOOpM; D/L-racemic mixture; Sigma-Aldrich, St. Louis, MO, USA), was
administered for 5 or 10 minutes following baseline recordings and washed out
immediately after the plasticity-inducing stimulation protocols.

iv) Synaptic plasticity: cholinergic agonist rescue

Baseline measures were established using single-pulse stimulation at 0.05Hz at a
current intensity adjusted to produce 1/3 the maximum, spike-free fEPSP response. After
establishing stable baseline recordings for 20 minutes, slices were stimulated at 100Hz
for one second followed by one hour of baseline stimulation. Half of the slices used were
administered with cholinergic agonist, carbachol (Cch; 200nM; Sigma-Aldrich, St. Louis,
MO, USA), for ten minutes following baseline recordings and washed out after tetanizing
stimulation.

3.3

Statistical analysis

All statistical analyses were computed using GraphPad Prism 4.0 (GraphPad
Software, San Diego, USA) software. Student’s t-test was used to compare between
groups. Analysis of variance (ANOVA) was used to analyze multiple groups. All data
are presented as means ± standard error of mean (SEM). For synaptic plasticity
experiments, data are presented as normalized to pretetanus recordings (eg. 1.14 would
be interpreted as a 14% increase from baseline). P values were constant at 0.05.

For graphs illustrating synaptic plasticity, data points (slope of fEPSPs, measured
between 25% and 65% of the rise) were grouped in one minute bins and normalized to
the mean value of the 20 minute “baseline” period of recording.

4. RESULTS
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4.1

Synaptic transmission is impaired in VAChT-KD slices
To determine whether there is a difference in CA3-CA1 synaptic transmission

between WT and VAChT-KD mice, input-output relationships were assessed by
increasing stimulus intensity and comparing the peak of the afferent volley with the
fEPSP slope produced (Fig. 4.1A). I/O relationship slopes (units:
(mV/ms)fEPSp/(mV)afferent volley) of VAChT-KD slices (4.94±0.24; n=27) were significantly
decreased compared to wildtype (5.92±0.25; n=32 (mice=24) by Student's t-test
(p=0.018); Figure 4.IB. Data are presented on a scatter plot (Figure 4.1C). This is
interpreted as impairment in synaptic transmission since for a given afferent “input”
signal, VAChT-KD slices were more likely to produce a smaller fEPSP compared to
wildtype.
The observed decrease in synaptic transmission may have either a presynaptic or
postsynaptic basis. Paired-pulse facilitation (PPF), an increase in field response to a
second pulse generated shortly after an initial pulse, is a presynapse-mediated form of
short-term synaptic plasticity " 5. PPF was assessed by varying the interpulse period and
measuring facilitation. Figure 4. ID shows a representative recording of PPF at a 40 ms
interpulse period.
PPF was similar between the genotypes at all tested interpulse intervals (Figure
4.IE; two-way ANOVA, effect of genotype, F(i 32)=3.338, p=0.068), demonstrating that
impairment in synaptic transmission was not due to modifications of presynaptic vesicle
release mechanisms.
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c

Afferent volley peak (mV)

Figure 4.1, A-C. Impaired synaptic transmission in VAChT-KD slices. A,
Representative traces of input-output relationship produced by increasing
the intensity of stimulation. B, Bar graph illustrating the decrease in mean
I/O relationship slope in VAChT-KD slices compared to wildtype. C.
Scatter plot of individual I/O points from both genotypes.
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D

Figure 4.1, D-E. Paired-pulse facilitation. D, Representative trace of PPF with
a 40 ms pulse interval protocol. E, Group data illustrating PPF at various pulse
intervals in wildtype and VAChT-KD slices.

30

4.2

Optimizing protocol for LTD expression: LTD is age-dependent in wildtype
slices
Initial studies to confirm that activity-dependent LTD can be observed in slice

using a conventional 1Hz protocol were performed using wildtype mice that were 35-49
days old. Though short-term depression of synaptic transmission was observed in this age
group, slices were not significantly depressed one hour after inducing plasticity
(0.978±0.088, n=5 (mice=4); paired t-test against baseline, p=0.075). Age-dependence of
LTD induction by the methods used has been described in the literature 116 and a younger
group of mice was studied (P21-P35). Previous LTD studies have used this age group of
mice 117. Preliminary recordings presented significant depression in the younger group
(0.751±0.050, n=4 (mice=4); paired t-test against baseline, p=0.015; Figure 4.2).

4.3

Activity-induced bidirectional synaptic plasticity is NMDAR-dependent at
CA1 synapses
LTP at CA3-CA1 synapses is an NMDAR-dependent process. To confirm that the

synaptic plasticity observed in wildtype control studies is in fact due to NMDAR
activation, the NMDAR antagonist AP5 was applied to slices during both LTP-inducing
HFS and LTD-inducing LFS.
After establishing stable baseline recordings for 20 minutes, AP5 was
administered to the recording chamber for ten minutes. Washout proceeded 100Hz
tetanus of Schaffer collaterals. fEPSP slopes of wildtype slices treated with AP5 were not
changed during either AP5 application (1.009±0.031, n=6 (mice=6) or the one hour
period following tetanus (paired t-tests against baseline, p=0.447 one hour post-tetanus:
0.971±0.035, n=6 (mice=6); Figure 4.3A), indicating that LTP was blocked for one hour
after tetanus..
The effect of blocking NMDAR on LTD was confirmed by administering AP5
after 20 minutes of stable baseline recording. After five minutes of AP5 application,
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slices were stimulated at 1Hz for 600 seconds followed by immediate washout of drug.
Once again, fEPSP slopes were unchanged during drug administration and for the hour
following LFS (paired t-tests against baseline, p=0.156; one hour post-LFS:
0.955±0.0277, n=7 (mice=6); Figure 4.3B).
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bar represents LFS (1Hz, 600 seconds). Bottom, Representative traces
before (1) and one hour after (2) LFS.
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Figure 4.3, A. AP5 blocks LTP. Top, NMDAR antagonist, AP5, blocked tetanus-induced
LTP for one hour. Red bar represents AP5 application. Arrow represents HFS (100Hz, 1
second). Numbers correspond to representative traces shown below. fEPSP slopes are not
changed during baseline recording (1), during AP5 application (2), half hour after tetanus
(3), and one hour after tetanus (4).
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4.4

Hippocampal synaptic plasticity is altered in VAChT-KD mice

4.4.1 LTP is impaired
LTP was induced at the CA1 dendrites by tetanizing the Schaffer collaterals with a
100Hz stimulation protocol for one second (Figure 4.4.1 A). Both genotypes produced
short term potentiation immediately following tetanus. LTP was quantified by measuring
fEPSP slopes collected from the last five minutes of the one hour period following
tetanus. Representative traces for each genotype are also presented. LTP was attenuated
in VAChT-KD (1,056±0.031, n=5 (4 mice)) slices compared to wildtype (1.347±0.038,
n=7 (5 mice); t-test, p<0.001). Furthermore, the extent of potentiation observed in
VAChT-KD under the experimental conditions was not different to pre-tetanus baseline
(paired t-test against baseline, p=0.14).
I/O curves and paired-pulse facilitation were assessed before and after LTP induction.
The changes in I/O slope observed in both wildtype and VAChT-KD slices reflected the
magnitude of potentiation. Following tetanus and one hour of baseline recording, I/O
slope increased 34.8±9.8% in wildtype slices (n=4) and only 4.9±3.9% in VAChT-KD
slices (n=5) (t-test, p=0.018; Figure 4.4.IB). This further demonstrates that the activitydependent changes that enhance synaptic transmission were attenuated in VAChT-KD
slices.
Paired pulse facilitation at various interpulse intervals was also compared before and
after tetanus. Though the previously mentioned PPF tests to assess basal presynaptic
transmission were performed at an intensity that produced fEPSPs at an amplitude 1/3 the
non-spiking maximum, these recordings were taken at 1/2 the maximum amplitude.
Since baseline stimulation and tetanus were executed at a stimulus intensity of 1/2
maximum amplitude, to have adjusted stimulation back to 1/3 maximum after
potentiation may have been an ambiguous measurement. However, quantitative
comparisons of PPF before and after tetanus in wildtype and VAChT-KD slices were not
possible at this stimulation intensity because population spikes were produced by the
paired pulse (Figure 4.4.1C).
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4.4.2

LTD is not changed

LTD was induced at the CA1 dendrites by stimulating the Schaffer collaterals with a
1Hz stimulation protocol for 600 seconds (Figure 4.4.2, top). Both genotypes produce a
high magnitude of short term depression immediately following LTD induction and
reached a stable state of LTD after one hour. Representative traces for each genotype are
also presented (Figure 4.4.2, bottom). LTD was not changed in VAChT-KD slices
compared to wildtype (VAChT-KD: 0.773±0.058, n=6 (3 mice); Wildtype: 0.839±0.031,
n=7 (5 mice); t-test, p=0.318). It is possible that cholinergic actions on synaptic plasticity
are not targeted at LTD-specific pathways.
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Figure 4.4.1, A. VAChT-KD slices express impaired LTP. Top, Group
data illustrating changes in fEPSP slope for one hour following HFS in
wildtype and VAChT-KD slices. Arrow represents HFS. Bottom,
Representative traces before (1) and one hour after (2) HFS.
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Pre-tetanus

20 ms

Figure 4.4.1, B-C. B, Graph illustrating the change in the slope of I/O
relationship before and after LTP induction. C, Representative traces of
PPF at 40 ms interval in wildtype slices at the intensity that produces 1/2
maximum fEPSP. Spike contamination in after the second post-tetanus
pulse made analysis of PPF not possible.
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Figure 4.4.2, LTD in VAChT-KD slices is not changed. Top,
Group data illustrating changes in fEPSP slope for one hour
following LFS (black bar) in wildtype and VAChT-KD slices.
Bottom, Representative traces before (1) and one hour after (2)
LFS.
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4.4.3

A rightward shift in BCM-like curve

To determine whether there is a change in the frequency-dependent BCM curve in
VAChT-KD mice, stimulation protocols at intermediate frequencies (5Hz, 10Hz, and
20Hz) were performed for 600 pulses each. After 5Hz stimulation, both genotypes
expressed LTD to similar extents (Figure 4.4.3A; VAChT-KD: 0.820±0.045, n=5 (3
mice); Wildtype: 0.897±0.047, n=5 (5 mice); t-test, p=0.274).
Plasticity-induction using 10Hz stimulation using has a similar effect on both
genotypes (Wildtype: 1.144±0.114, n=7 (3 mice); VAChT-KD: 1.021±0.035, n=7 (5
mice); t-test, p=0.319; Figure 4.4.3B). Neither group was potentiated. Flowever, the
wildtype slices showed variance that was different compared to VAChT-KD slices (F test
to compare variance, F(6,6) = 10.59, p=0.011; Figure 4.4.3C). There were several
individual wildtype slices that expressed well over 20% potentiation, but also slices that
expressed depression.
Synaptic potentiation induced by 20Hz stimulation was similar in slices from both
genotypes. Once again, while mean potentiation was greater in wildtype slices, the
difference was not different (Wildtype: 1.163±0.058, n=5 (4 mice); VAChT-KD:
1.090±0.084, n=5 (3 mice); t-test, p=0.383; Figure 4.4.3D). Surprisingly, VAChT-KD
slices expressed greater short-term potentiation. This was observed in slices prepared
from different mice and recorded on different days.
Although the difference in plasticity produced by induction protocols using
stimulation frequencies between 1 and 20Hz did not reach significance between wildtype
and VAChT-KD slices, the mean potentiation of VAChT-KD slices was consistently
lower than wildtype. Plotting mean values of each tested frequency on a logarithmic scale
reveals the trend of a downward shift in a BCM-like curve found in VAChT-KD slices
(Fig4.4.3E).
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Figure 4.4.3, B. Plasticity induced by 10Hz. Top, Group data illustrating
changes in fEPSP slope for one hour following 10Hz stimulation (black
bar) in wildtype and VAChT-KD slices. Bottom, Representative traces
before (1) and one hour after (2) stimulation.

Figure 4.4.3, C. Box-and-whisker plots illustrating
difference in distribution of the change in synaptic
strength between wildtype and VAChT-KD slices after
10Hz stimulation.
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Stimulation frequency (Hz)

Figure 4.4.3, E. Stimulation frequency-dependence of
magnitude and direction of synaptic plasticity in wildtype
and VAChT-KD slices.
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4.5

Cholinergic agonist rescues LTP deficit in VAChT-KD slices
The possibility that a cholinergic agonist could rescue the LTP-deficit observed in

VAChT-KD slices was studied. Carbachol (Cch, 200 nM) was added to ACSF for ten
minutes and washed out immediately after 100Hz tetanus. Cch application did not affect
basal transmission. In addition to carbachol administration, the experimental conditions
differed from the “BCM-curve’’ experiment in that the stimulus intensity was adjusted to
produced fEPSPs 1/3 the maximum amplitude rather than A. The reason for doing so was
to avoid possible spike contamination due to enhanced potentiation.
All slices in this set of experiments produced noticeably greater potentiation using
the current procedures compared to the previous set of HFS experiments (compare with
Figure 4.4.1 A). The reason for this overall increase in synaptic plasticity compared to
earlier studies may be due to changes in equipment, stimulus intensity, improved
* animal care and handling
* 1 1. LTP-induced
8 *
•
technique, or possibly changes in
recordings
of slices from wildtype mice (mice=6) performed at a similar time also expressed
increased potentiation and were still more potentiated than VAChT-KD slices (mice=7)
(Wildtype: 1.690±0.135, n=7; VAChT-KD: 1.277±0.065, n=5; t-test, p=0.036).
Regardless, VAChT-KD still expressed attenuated LTP compared to wildtype controls.
Furthermore, administration of Cch enhanced LTP in VAChT-KD slices (VAChT-KD:
1.277±0.065, n=5; VAChT-KD + Cch: 1.630±0.134, n=5; t-test, p=0.046), demonstrating
that the LTP deficits in these mice can be rescued by acute stimulation of cholinergic
pathways (Figure 4.5A). LTP in wildtype slices were not changed using this
concentration of carbachol (Wildtype + Cch: 1,623±0.194, n=6; Figure 4.5B).
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Figure 4.5, A-B. Application of carbachol rescues LTP deficit in VAChTKD slices. A, Group data illustrating plasticity induced by 100Hz
stimulation. Blue bar represents Cch application for VAChT-KD slices. B,
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slices.
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5. DISCUSSION

49

Overall, the data show both impairment in basal synaptic transmission as well as
deficits in synaptic plasticity, as revealed by a downward shift in the bidirectional
plasticity threshold and significant LTP attenuation. Unpublished findings by Prado and
colleagues show that with the exception of nicotine a-7 receptor (a7R), glutamatergic and
cholinergic receptors are expressed at wildtype levels in the hippocampus of VAChT-KD
mice. Although this does not indicate whether surface expression is altered, it does
suggest that the machinery required for cholinergic effects on glutamatergic synaptic
processes is present, but not activated. The discovery that acute administration of
cholinergic agonist rescues LTP in VAChT-KD slices further supports this notion.

5.1

Synaptic Plasticity

5.1.1

Age-dependence of LTD induction
Preliminary studies to optimize LTD induction in wildtype slices led to the

observation that hippocampal slices from younger mice more reliably express LTD.
Using a wildtype mouse group which included mice between the ages of 5 weeks and 7
weeks old, no change in synaptic plasticity was observed, although short term
potentiation was expressed. In contrast, mice between the ages of 3 and 5 weeks
expressed LTD and all further studies including BCM-curve generation, carbachol
rescue, and assessing basal synaptic transmission used this age group.
Past studies of synaptic plasticity in C57BL/6-background mice have also used
the P21-P35 age group 117 and age-dependence of LTD has been previously reported by
others 116. The mechanism for this switch may be related to the developmental switch in
PSD proteins that support the expression of NR2A subunits and decrease NR2B
expression 119- ,2°. At mature synapses, NR2A is generally localized to the synapses
whereas NR2B is expressed more extrasynaptically 121,122. Furthermore, since these
subunits have different C-terminal tails, they bind to PSD proteins differently and can be
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modulated differently by upstream kinases as well as can signal different downstream
pathways 123,124.

The effects of NR2 subunits on direction of NMDAR plasticity as well as the
overall cell health is a field of growing interest and debate

. Controversy regarding this

matter may be due to lack of specificity of pharmacological techniques and differences in
the brain regions of study. It is likely that either NR2A-R or NR2B-R can signal
bidirectional plasticity

, however, they do so at different efficacies, which may be due

to upstream regulation, downstream signaling, or surface localization.

5.1.2

LTP is impaired in VAChT-KD slices

A major finding of this project is that VAChT-KD hippocampal slices express
impaired long-term potentiation. It is well understood in the literature that activitydependent bidirectional plasticity at glutamatergic CA3-CA1 synapses is NMDARdependent ' 8; and this was confirmed by experiments reported here. Since LTP is
NMDAR-dependent, this impairment may be due to downregulated mechanisms
upstream NMDAR function. There are several ways by which both muscarinic as well as
nicotinic receptors can facilitate activity-dependent LTP by modulation of NMDARdependent processes.

Ml muscarinic receptors are Gq-coupled GPCRs and are colocalized with NMDAR
in hippocampal pyramidal neurons and can potentiate its actions l09. Gq proteins are
generally upstream of Phospholipase C (PLC) activation and pathways that lead to the
upregulation of intracellular calcium. PLC activation leads to the hydrolysis of PIP2 into
inositol triphosphate (IP3) and diaglycerol (DAG) 91. IP3 opens calcium channels
expressed on intracellular compartments and causes an increase in intracellular calcium
l26. The combination of calcium and DAG can activate both conventional and novel
(calcium-independent but DAG dependent) PKCs at the cell surface

.
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Activation of the serine/threonine kinase PKC is not only a consequence of LTP
signaling downstream of NMDAR 38but it is also an upstream modulator of the NMDAR
46. Pharmacological application of PKC can enhance NMDA-evoked current in cultured
hippocampal neurons ’

. Therefore, since M 1 can potentiate NMDAR currents, it

may do so through PKC activation. It is possible that in cholinergic deficient VAChT-KD
mice less PKC is activated in pyramidal neurons than in wildtype, and molecular assays
to detect changes in activated PKC in dendrites of VAChT-KD CA1 stratum radiatum
can test this proposal.
Downstream molecules associated with PKC modulation of NMDAR should also
be considered to further understand why LTP is impaired in VAChT-KD slices. PKC can
regulate NMDAR directly by phosphorylation sites on both NR1 and NR2 subunits l27.
NR2A and NR2B are the only NR2 subunits known to respond to PKC . The literature
regarding direct PKC actions remains rather confusing 46. For example, NR1
phosphorylation of NR1/NR2 heteromers may actually be inhibitory l28. However, NR2
subunit phosphorylation by PKC is considered to potentiate NMDA-evoked currents
either by increasing single-channel kinetics or even inserting more NMDARs at the
synapse surface

. Investigating the phosphorylation states of these NR1 and NR2 sites

in VAChT-KD mice may explain the LTP attenuation observed.

While direct phosphorylation of NR2 subunits by PKC can enhance NMDAinduced currents, indirect enhancements by PKC-mediated kinases have received notable
attention as mechanisms for positive plasticity-modulation 46 . The nonreceptor tyrosine
kinase family of Src proteins (Src family kinases, SFK) has been shown to be a critical
upregulator of NMDAR function ~2,124 through NR2 subunit phosphorylation activity l29,
l3°. The prototype member of SFK, Src, is activated by PKC via the intermediate kinase
Pyk2 51>130 . Activation of Pyk2, along with other anchoring proteins in proximity to
NMDARs, stabilizes Src for phosphorylation of NMDAR tyrosine residues. Tyrosine
sites on NMDARs for Src phosphorylation have been identified on NR2A l29.
Furthermore, muscarinic stimulation of hippocampal neurons has been shown to
potentiate NMDAR channel activity through Src-mediated steps l28.
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Though the Src-member of the SFK is activated by PKC pathways, other SFKs
may have either distinct or additional mechanisms of activation and action. The SFK Fyn
has been shown to phosphorylate important tyrosine sites on NR2B subunits. However,
Fyn requires PKA activation to release it from the NR2B-linked scaffolding protein
RACK1 131.

Apart from Fyn activation on NMDARs, PKA plays a considerable role in
NMDAR and PSD regulation. PKA phosphorylation on NMDARs can increase its open
probability, suppress desensitization to glutamate, and increase calcium permeability

.

Furthermore, PKA is linked to PSD-95 and placed in close proximity to NMDARs by
AKAPs, which are also involved in anchoring the LTD-inducing phosphatases,
calcineurin and PP1

io

#

. PKA may functionally deactivate these phosphatases either by

competing for NMDAR interaction or by directly phosphorylating them

TO

. However

since LTD was found to be unchanged in VAChT-KD mice, this latter mechanism may
not be affected by cholinergic pathways.
Protein Kinase A regulation by muscarinic receptors is generally not well defined
in hippocampal pyramidal dendrites, as most of its focus is directed at cholinergic
terminals and regions where M2 and M4 receptors, which can downregulate PKA via
adenylyl cyclase inhibition 97, are predominantly expressed. M2 receptors are generally
considered to not be a major contributor to postsynaptic physiology, and M2 expression
on hippocampal pyramidal cells is rarely a point of discussion in the literature. However,
the presence of M2 receptors in pyramidal cells 103 and their physiological contributions
to potassium channel conductance and LTP in dendrites have been reported l04' ,06.
Furthermore, Ml-mediated activation of PKA has been described in rat motoneurons L'J.
but whether this occurs in CA1 dendritic spines is debatable. In support of muscarinic
actions that lead to NR2B-targeted tyrosine phosphorylation, it has been reported that
carbachol increases NR2B phosphorylation by microinjection into the cortex of rats l34.
Though this finding clearly does not indicate whether PKA is involved, it at least shows
that tyrosine kinases interact with NR2B upon cholinergic stimulation. If the PKA
mechanisms that regulate NMDAR —whether it is directly or through SFKs - are to be
considered as possible pathways of LTP impairment in hippocampal pyramidal neurons
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of VAChT-KD mice, the normal muscarinic actions on PKA in this cell-type needs to
first be addressed.

Since both LTD and LTP require NMDAR activation in the CA1 hippocampus,
the mechanics underlying how NMDAR phosphorylation, or modification of any member
of the PSD for that matter, modulates the direction of activity-dependent plasticity is a
complex and difficult clockwork to describe. Even if kinase activation by cholinergic
agonists occurs and leads to NMDAR potentiation, whether this pathway contributes to
LTP or LTD is a current focus on how GPCR mechanisms modulate NMDAR-mediated
synaptic plasticity. It has been proposed that NR2A-R-mediated pathways are involved in
LTP induction and NR2B-Rs are involved in LTD l20. Though there exists evidence
supporting this divergence of NMDAR mechanisms and its effect on the synapses 123,135,
this model remains controversial l25,136,137. Perhaps the correct model is a synthesis of the
opposing theories that considers the ratio of NR2A-R and NR2B-R present at the synapse
125

In addition to kinase signaling onto NMDARs, M 1 receptors also play a role in
downregulating the postsynaptic “M current”. The M current is a voltage-dependent
potassium current generated by the Kv7 potassium channels . Its namesake is from its
discovery in sympathetic neurons as a current that can be inhibited by muscarinic
receptor activation. In the hippocampus, Kv7 channels have been identified in pyramidal
cell dendrites l38. Inhibiting the M current can increase neuron excitability 139,14°. At the
dendrite, this may translate to facilitated release of the magnesium ion from the NMDAR
channel and subsequent functional activation. In fact, pharmacological inhibition of M
currents lowers the threshold for LTP induction l4°.

The impairment of nicotinic receptors pathways may also play a role in the
observed LTP deficit. Blocking a7R with mecamylamine reduces LTP magnitude in
mice 141. Similar to how Ml receptors block the M current, nicotinic receptors may
contribute to a synaptic gain in depolarization of the cell membrane potential and thereby
facilitate NMDAR opening l08. a7R expression in the hippocampus of VAChT-KD
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mice is decreased (Prado et al. unpublished data) and this may play a role in LTP
induction. However, the surface expression of a7R is tightly regulated and large internal
reserves are maintained at dendritic spines 96. For this reason, a decrease in protein
expression may not translate to altered surface expression. Also, another major finding of
this work is that carbachol rescues the LTP deficit observed in VAChT-KD slices to
wildtype levels. If surface expression of a7R was decreased, and this was a major source
of the LTP deficit, perhaps such a clear and robust rescue would not have been observed.

In addition to molecular mechanisms at the CA1 synapse that may be modulated
by ACh, it is important to recognize that the gene-modified mice used in these
experiments express decreased ACh secretion throughout their body including the
neuromuscular junctions80. Furthermore, hippocampal slices prepared from mice placed
in an enriched environment show enhanced LTP expression

. It is possible that due to

motor deficits, VAChT-KD mice were unable to properly explore and manipulate their
environment to the same extent as wildtype mice during development, and that this
deprivation impaired LTP through pathways more closely related with environmental
enrichment.

5.1.3

Metaplastic modulation: Downward shift in BCM curve

The mechanisms proposed above regarding NMDAR potentiation do not affect basal
synaptic transmission per se. However by modulating NMDAR function, the magnitude
and direction of the change in basal transmission that occurs due to NMDAR-activated
plasticity can be modified l42. In the CA1 hippocampus, this plasticity of plasticity, or
“metaplasticity”, is reported here to be regulated at least in part by cholinergic tone. By
stimulating tetanus-naive slices to plasticity inducing protocols of varying intensity, a
trend for a downward shift in the BCM curve was observed in VAChT-KD mice.
Though the 100Hz protocol was the only stimulation intensity to yield a robust
change in plasticity, the mean change in plasticity was consistently more negative in
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VAChT-KD mice compared to wildtype. The downward shift may be due to the change
in balance between LTP- and LTD-promoting mechanisms. It is possible that LTDinducing pathways are unchanged while LTP-promoting pathways are downregulated.
Mechanisms by which LTP may be altered in the hippocampus by cholinergic
dysfunction are mentioned above.
After plasticity-induction by the 10Hz stimulation protocol, the variances of the
synaptic change were different between the two groups. It is possible that wildtype slices
display varying sensitivity to 10Hz stimulation whereas VAChT-KD slices do not due to
changes that occur during in vitro slice preparation that has a varying effect on
endogenous cholinergic tone. Since VAChT-KD mice express endogenously
downregulated acetylcholine secretion, hippocampal slices prepared from them are not as
sensitive to cholinergic effects. This may also be indicative of the role of cholinergic
pathways in modulating the plasticity-threshold point. The slice preparation used in these
studies involved isolating the hippocampal horns from the entire brain. Hippocampal
slice preparation that preserves innervations from other brain regions such as the medial
septum have been described l9. Though the technique used in the experiments reported
here increases the number of transverse slices that could be recording from, perhaps a
preparation that better preserves cholinergic innervation would have produced less
variable results.

Although VAChT-KD mice express cholinergic dysfunction, there still remains some
cholinergic tone. It is possible that this decrease in cholinergic tone is negatively
affecting the expression of LTP but is sufficient to maintain normal LTD and
intermediate magnitudes of plasticity. Also, in addition to cholinergic receptors, there are
several other extrinsic afferents that converge onto similar pathways as muscarinic
receptors. For example, the pituitary adenylate cyclase activating peptide (PACAP)
receptor, PAC1R is also linked to Gq proteins and can influence synaptic plasticity by
NMDAR regulation l3°. Current unpublished findings by MacDonald and colleagues
show a BCM curve generated in a similar way to the one reported here but using PAC1R
agonist. The results showed that although PACAP agonist does not affect LTP after
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100Hz stimulus, there is increased LTP after stimulation at intermediate frequencies. It is
possible that this, and additional inputs, are able to compensate for the downregulated
cholinergic pathways.

5.1.4

Acute carbachol application rescues LTP deficit

After an LTP deficit and a rightward shift in BCM curve were established in VAChTKD hippocampal slices, further investigation led to the observation that the cholinergic
agonist carbachol rescues this LTP deficit. Carbachol administration has a welldocumented dose-dependent effect on basal transmission 1. Since it was specifically the
effects of carbachol on activity-dependent LTP that was of interest, an intermediate
concentration of CCh was used that did not alter basal transmission. Cch was applied to
both wildtype and VAChT-KD slices for control comparisons. It has previously been
demonstrated that even with Cch concentrations that depress basal transmission, tetanusinduced LTP is facilitated by Cch7. It was expected that Cch would enhance LTP in both
groups, though more so in VAChT-KD slices.
Surprisingly, 200 nM Cch did not affect wildtype slices at all. It is possible that
tetanus-induced LTP in wildtype slices is not sensitive to this concentration of Cch. An
enhancement of LTP, however, was observed in VAChT-KD slices when tetanus was
coupled with carbachol administration. This finding demonstrates that despite chronic
and developmental deficits in cholinergic tone, these mice still maintain the machinery
required for normal synaptic plasticity. Since LTP is rescued in Cch-induced VAChTKD and LTP expression ultimately relies on the upregulation of AMPAR physiology at
the synapse, a reasonable next step would be to test whether there is an increase in
activity-induced AMPAR expression and conductance between Cch- treated VAChT-KD
slices and untreated VAChT-KD slices. If there is an enhancement, this may be due to
increased post-tetanus activity of CAMKII activity and other signals downstream of
NMDARs, or due to increased modulator activity of the kinase pathways upstream of
NMDARs.
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Since Ml receptors are the most abundant muscarinic receptors at CA1 stratum
radiatum dentrites, their stimulation is likely involved in the mechanisms that mediate
this enhancement by Cch. In the past, there were criticisms regarding the role of Ml
activation in regulating synaptic processes. This was largely due to the belief that
cholinergic innervation to the hippocampus terminated in the stratum oriens and that
acetylcholine could not possibly diffuse to the stratum radiatum lf)6. However, recent
evidence not only demonstrates the presence of cholinergic terminals in the stratum
radiatum, but that the actions of acetylcholine on Ml receptors expressed by pyramidal
neurons may be due to non-specific volume transmission 83. Furthermore, Sheffler et al.
have shown that Cch-induced NMDAR potentiation is blocked by the Ml-specific
antagonist VU0255035 l43.
This finding correlates well with previous reports that VAChT-KD heterozygotes
perform better on object recognition memory tasks when administered cholinesterase
inhibitors 114, although it is not proven that this is due to restoring the cholinergic tone to
the hippocampus in enhance synaptic plasticity. However, CA3-CA1 synapses have been
shown to be potentiated in mice during object recognition tests l44. Furthermore,
activation of Ml receptors by injection of agonists into the brain reverses the spatial
memory deficits caused by cholinergic immunolesion 91. Another related interesting
finding is that Doralp and Leung have performed in vivo experiments characterizing the
effects of the cholinesterase inhibitor eserine sulfate and the Ml blocker pirenzepine on
awake and mobile rats 6. They showed that the eserine sulfate facilitates stimulus-evoked
LTP in basal dendrites when the animals were either moving or stationary, and that Ml
antagonist blocks LTP specifically when the animals were moving. The finding that Ml
antagonist only blocks LTP when the animal is moving may relate to the general
cognitive function of the basal forebrain in attention. It is possible that these cholinergic
afferents are the neural correlate of an “attentiom’-related cognitive modality l4:>.
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5.2

Synaptic Transmission
Synaptic transmission was assessed by analyzing the input-output relationships in

VAChT-KD and wildtype slices. Both genotypes would start eliciting a “population
spike” response at similar fEPSP amplitudes. The complex population spike waveform
that is generated at apical dendrites is a well documented observation . Strong enough
stimulation at the synapses can generate action potential firing from the cell bodies in the
stratum pyramidale. This population action potential firing can be detected by electrodes
placed in the stratum radiatum (dendritic layer) and is recorded as a positive-going
inflection superimposed over the locally-initiated negative-going fEPSP l46.
Furthermore, spiking at similar fEPSP amplitudes suggests that the slices have similar
cell body densities.
The slopes of the input-output curves were significantly decreased in KD slices,
indicating that the postsynaptic field response is smaller for a given afferent input. Input
output points relate the sum of action potentials being fired by a population of Schaffer
afferents with its consequent postsynaptic response. The observed impairment in
synaptic transmission may be due to alterations in any process along the afferent firingto-postsynaptic depolarization physiological pathway, including presynaptic and
postsynaptic changes, or, simply a decrease in synapse density in the CA1 region of
VAChT-KD slices.
In theory, I/O relation slope should correlate with synapse density - with more
sites for synaptic transmission, action potentials would affect a greater number of
terminals , elicit a greater postsynaptic response, and thus generate a larger current sink.
However, past studies by Woolley et al. demonstrated no correlation between synapse
density and slope of I/O curve l47. On the other hand, immunolesioning basal forebrain
cholinergic neurons in early postnatal development has been shown to decrease CA1
dendritic branching and spine density

. To confirm whether dendritic branching is

stunted in the CA1 of these VAChT-KD mice, a future study to quantify dendritic
architecture by Golgi stain analysis can be performed.
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Changes in the baseline efficacy of synaptic transmission in the acute presence of
cholinergic agonist are well reported , suggesting that although chronic cholinergic
deficit may affect dendritic branching, there may be faster-acting mechanisms at play to
explain the observed impairment of synaptic transmission. Cholinergic projections to the
CA1 hippocampus can affect both presynaptic and postsynaptic structures of the
glutamatergic synapse 94. Studies with the cholinergic agonist CCh describe a dosedependent effect of Cch on the direction of the change in synaptic transmission in
hippocampal slices: high concentration (>1 pM) yields depression that has been proposed
to be caused by muscarinic presynaptic mechanisms, whereas low doses (< 0.5 pM)
yields potentiation 1. Though some scientific opinions dismiss Cch-induced depression
as not physiological due to the high concentration required to produce it l49, there is
increasing literature supporting its physiological role in synaptic maintenance " 2.
Both nicotinic 96 and muscarinic receptors 94 are present on presynaptic terminals
and may influence neurotransmitter release. Nicotinic receptors, such as alpha-7
receptors, are an action potential-independent source of calcium influx into the terminal.
Nicotinic signaling has been demonstrated to increase frequency of miniature excitatory
postsynaptic currents as well as increase probability of stimulus-evoked vesicle release
1 0 7 ,1 5 0

In contrast to reports that nicotinic pathways enhance basal glutamatergic
transmission through presynaptic actions, there is evidence of pharmacologically-induced
7’151,152 as well as endogenous 153 muscarinic actions that inhibit presynaptic transmission
1 5 4 , 15s

Though a clear mechanism has not yet been established, this presynaptic

inhibition may be due to muscaranic inhibition of presynaptic VDCC l' 4. In neuronal 103
cell types, the Gq-coupled Ml - and M3-subtypes of muscarinic receptors are described to
be involved in VDGCC inhibition. Although it seems paradoxical that Gq activation
would not only inhibit VDCC but effectively decrease Ca-dependent vesicle release, a
possible mechanism may involve Gq-mediated hydrolysis of PIP2, a membrane lipid that
stabilizes VDCCs at the membrane l36, l57.
A simple and common method of assessing presynaptic processes on synaptic
transmission is by studying paired-pulse facilitation. The main mechanism of PPF
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involves calcium remaining in the presynaptic terminal from the priming pulse. Upon
subsequent stimulation, the residual calcium facilitates neurotransmitter release resulting
in an increase in postsynaptic response ’

. Synapses with an initially high probablility

of release thus have lower PPF since the priming stimulus would leave fewer vesicles
available for the second pulse 159 . Assessment of PPF in VAChT-KD slices reported
here show no difference in PPF compared with wildtype hippocampal slices. Since
cholinergic presynaptic actions seem to have opposing effects on vesicle release, it is
difficult to ascertain whether VAChT-KD slices have similar presynaptic functioning to
wildtype slices or whether they are in fact impaired, but the muscarinic pathways
continue to be “balanced’' by the nicotinic actions. Considering that VAChT-KD mice
still express some albeit limited cholinergic release, it is quite possible that these
pathways are sufficiently stimulated for physiological function. Future comparisons of
PPF in VAChT-KD slices in the presence of either a nicotinic antagonist such as
mecamylamine or a muscarinic antagonist such as atropine will help further determine
whether KD slices display similar presynaptic vesicle dynamics as wildtype.
Though PPF is a reliable and common approach to studying presynaptic vesicle
release, it is not a useful measure of neurotransmitter loading into vesicles 160 . Studies
that measure the amplitude of miniature excitatory postsynaptic currents (mEPSC) in
cultured neurons can detect altered vesicular filling 161. There is currently no report of
cholinergic actions on quantal size of glutamatergic vesicles and the neuronal pathways
that regulate glutamate uptake into vesicles remain elusive. In kidney and epithelial cells,
PKA has a stimulating role on vacuolar ATPases

, which are also involved in

generating the proton gradient required for vesicular glutamate transporter function.
Plowever, whether this occurs in neurons and whether it is modified in cholinergic tonedeficient mice is rather speculative.
The observed indication that synaptic transmission is altered in VAChT-KD slices
by decreased I/O slope may be due to postsynaptic changes. As mentioned earlier, there
is a well-documented dose-dependence of muscarinic agonist action on hippocampal
synaptic transmission. The low-dose potentiation, known as muscarinic LTP (mLTP), has
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been demonstrated to be due to postsynaptic mechanisms that involve either the Ml
muscarinic receptor 140 and/or the M2-type expressed on intemeurons 7’l63.
M2 receptors are not as abundantly expressed on pyramidal cells as Ml and their
direct role, if any, on principal neuron processes is not clearly understood. However, M2
receptor’s contribution to mLTP may be indirectly through its inhibitory expression on
intemeurons ’

. It is possible that the impairment synaptic transmission observed in

VAChT-modified mice is due to decreased M2 receptor-mediated inhibition of
intemeurons 101. To test this would be difficult considering that the direction of M2
actions on synaptic transmission is dependent on neuron type, but may be achieved by
field recordings studies that use M2-specific agonist with a low, non-saturating
concentration of GABA receptor antagonist such as picrotoxin. Alternatively, whole cell
intracellular recordings in cultured slices may allow for further specificity since
pyramidal neurons and intemeurons display visually different morphologies.
AMPAR expression and kinetics play a major role in stimulus-evoked
postsynaptic depolarization. Ml muscarinic receptors are expressed on CA1 postsynaptic
dendrites and are known to play an active role in the PSD as a Gq activator, and there are
many Gq pathways that can upregulate AMPAR. As mentioned before, phospholipase C
activation leads to the hydrolysis of PIP2 into IP3 and diaglycerol, which can then lead to
an increase in intracellulat calcium as well as PKC activation. Furthermore, calcium can
bind calmodulin and activate CAMKII. CAMKII is a kinase protein that is not only
activated in pyramidal CA1 neurons during NMDAR-mediated LTP but also by
cholinergic stimulation as demonstrated by carbachol administration to rodent slices l64.
PKC and CAMKII

can then signal increased AMPAR channel conductance as well as

its insertion to the synapse surface. Though the exact mechanism is still unclear, it may
involve PKC phosphorylation of GluR2 which rearranges scaffolding proteins to either
transport AMPARs to the surface or maintain receptor stability at the surface

.

Furthermore, AMPAR receptor trafficking to the surface may be stimulated by PKCmediated Ras/ERK (extracellular-signalling kinases) signaling l65,166. There is also
evidence that the gamma-beta subunit of Gi proteins can activate ERK signaling in a Ras
independent way, which reintroduces the role of the M2 receptor as part of a possible
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synergistic pathway with Ml/Ras/ERK l6\ Regardless of pathway, IP3 activation has
been demonstrated to enhance basal transmission by increasing AMPAR EPSCs through
a calcium-signalling step l67. If VAChT-KD synaptic transmission is functionally
impaired due to these mechanisms, it would show at the synapse surface. To detect
possible impairment in AMPAR expression due to decreased Ml receptor tonic activity,
immunohistochemistry followed by high-resolution imaging can be performed on
dendritic spines to compare density of AMPAR as well as proportion of subunits.
Another possible method would be simply by comparing whole cell current amplitudes in
the presence of AMPAR agonist. If there is a functional difference in AMPAR expression
in VAChT-KD mice, the upstream mechanisms are worth investigating further.
Alternatively PKC phosphorylation may also internalize GluR2, thus increasing the
proportion of homomeric GluRl receptors, which have greater single-channels
conductances 3’168.

It should be noted that although PKC and CAMKII are activated and can enhance
synaptic transmission by AMPAR membrane insertion, this proposed muscarinic
pathway is different from activity-dependent LTP. Activity-dependent LTP at
glutamatergic synapses is a process that enhances synaptic efficacy specifically in
response to glutamate. The mechanisms of action for activity-dependent LTP in the CA1
hippocampus also require PKC and CAMKII, but the calcium signal in this case enters
specifically through NMDAR-mediated synaptic transmission. mLTP and NMDARdependent LTP pathways may certainly converge, and considering that Ml receptor is
colocalized with NMDAR subunit, mLTP may involve kinase molecules that can also be
exploited by NMDAR-dependent LTP. Lastly, AMPAR insertion by muscarinic
mechanisms may in fact facilitate NMDAR-dependent LTP by the increased
depolarization that would occur during synaptic transmission .
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5.3

Short Term Potentiation
With the exception of the 20Hz stimulation protocol, post-tetanus plasticity was

similar in VAChT-KD and wildtype. At 20 Hz, PTP was greatly enhanced in recordings
with VAChT-KD slices. These recordings were taken from different mice on different
days, and were performed blind in regards to genotype. As mentioned earlier, STP is
mostly a presynaptic effect. For this reason, it may not necessarily relate to long-term
synaptic plasticity; however, it may correlate with other interesting neural and
behavioural aspects of these mice.
In the current study, VAChT-KD hippocampal slices were also much more
sensitive to 200 nM of carbachol than wildtype, at least in regards to LTP enhancement.
The cholinergic receptor pathways that are linked with neuron excitability and synaptic
processes may be generally more sensitive to cholinergic agonist in these mice as a form
of compensation due to the tonic decrease in acetylcholine present. In addition to learning
deficits and the current observation of impaired synaptic plasticity, VAChT-KD
homozygous mice are also more susceptible to status epilepticus. In an animal model of
temporal lobe epilepsy, administration of the muscarinic agonist pilocarpine induces
seizures. VAChT-KD homozygous mice express decreased latency to seizures as well as
reduced latency to the development of brain damage when injected with pilocarpine l69.
The role of cholinergic dysfunction in epilepsy is a possible and promising future
direction for studies with VAChT-KD mice. The observation that STP may be enhanced
in certain stimulation conditions further supports this possibility since STP not only
occurs in animal models of induced seizure 170 m , but antiepileptic drugs attenuate STP
171

5.4

Future directions
Understanding why and how synaptic plasticity and transmission are impaired in

VAChT-KD should be an important focus of future studies with these mice. Proposed
experiments are mentioned in the respective sections in this report. To summarize, future
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studies should investigate the many possible kinase pathways that regulate NMDARs and
whether they are altered in cholinergic reduced conditions; should quantify changes in
surface expression and physiology of receptors; and should attempt to isolate the
contribution of separate cholinergic receptors on specific functions. Furthermore,
investigating the effects of hippocampus-specific administration of cholinergic agonist on
the performance of learning tasks will further contribute to the behavioural relevance of
the carbachol rescue of LTP in these mice. In addition, the mice’s candidacy as an
animal model for epilepsy is a new avenue of discovery. Studying how cholinergic
actions integrate into the control, and in the case of disease, dysrégulation, of neuron
excitability may provide new perspectives on the nature of epileptiform activity.

5.5

Conclusions

The work of this thesis has demonstrated that hippocampal LTP is impaired and LTD is
not changed in mice expressing deficient cholinergic tone. In addition, acute
administration of a cholinergic agonist is capable of rescuing this LTP impairment.
Together, these findings suggest a role of cholinergic tone in mediating activitydependent plasticity at glutamatergic synapses. Furthermore, basal synaptic transmission
is also impaired in these mice. Overall, this project demonstrates that acetylcholine is a
modulator of synaptic processes and suggests mechanisms by which cholinergic
pathways may act on synapse physiology.

65

6. REFERENCES

66

1. Bliss TV, Collingridge GL. A synaptic model of memory: Long-term potentiation in
the hippocampus. Nature 1993 Jan 7;361(6407):31-9.
2. Reymann KG, Frey JU. The late maintenance of hippocampal LTP: Requirements,
phases, 'synaptic tagging', 'late-associativity' and implications. Neuropharmacology
2007 Jan;52(l):24-40.
3. Pelkey KA, McBain CJ. Ionotropic glutamate receptors in synaptic plasticity. In: R. W.
Gereau, G. T. Swanson, editors. The glutamate receptors. Totowa: Humana Press;
2008..
4. Sacktor TC. PKM[zeta], LTP maintenance, and the dynamic molecular biology of
memory storage. In: W. S. Sossin, J. LaCaille, V. F. Castelucci, S. Belleville,
editors. Progress in brain research - essence of memory. 1st ed. Amsterdam:
Elsevier; 2008. .
5. Pavel O, William W, Rolf S. Molecular mechanisms of synaptic function in the
hippocampus: Neurotransmitter exocytosis and glutamatergic, GABAergic, and
cholinergic transmission. In: Per Andersen, Richard Morris, David Amaral, Tim
Bliss, John O'Keefe, editors. The hippocampus book. Toronto: Oxford University
Press; 2007..
6. Doralp S, Leung LS. Cholinergic modulation of hippocampal CA1 basal-dendritic
long-term potentiation. Neurobiol Learn Mem 2008 Sep;90(2):382-8.
7. Auerbach JM, Segal M. Muscarinic receptors mediating depression and long-term
potentiation in rat hippocampus. J Physiol 1996 Apr 15;492 ( Pt 2)(Pt 2):479-93.
8. Gaykema RP, Luiten PG, Nyakas C, Traber J. Cortical projection patterns of the
medial septum-diagonal band complex. J Comp Neurol 1990 Mar 1;293(1): 103-24.
9. Sweatt JD. Hippocampal function in cognition. Psychopharmacology (Berl) 2004
Jun;174(l):99-110.
10. Morris RG, Garrud P, Rawlins JN, O'Keefe J. Place navigation impaired in rats with
hippocampal lesions. Nature 1982 Jun 24;297(5868):681-3.
11. Lavenex P, Amaral DG. Hippocampal-neocortical interaction: A hierarchy of
associativity. Hippocampus 2000;10(4):420-30.
12. Scoville WB, Milner B. Loss of recent memory after bilateral hippocampal lesions. J
Neurol Neurosurg Psychiatry 1957 Feb;20( 1): 11-21.

67

13. Duvemoy HM, SpringerLink. The human hippocampus. Thi Edition ed. Berlin,
Heidelberg: Springer-Verlag Berlin Heidelberg; 2005. [electronic resource]
:Functional Anatomy, Vascularization and Serial Sections with MRI / by Henri M.
Duvernoy.; v.: digital; 773: 0 |tSpringer e-books.
14. Traub RD, Miles R. Neuronal networks of the hippocampus. New York: Cambridge
University Press; 1991..
15. Gray JA, McNaughton N. Comparison between the behavioural effects of septal and
hippocampal lesions: A review. Neurosci Biobehav Rev 1983 Summer;7(2):l 19-88.
16. Berger TW, Alger B, Thompson RF. Neuronal substrate of classical conditioning in
the hippocampus. Science 1976 Apr 30; 192(4238):483-5.
17. O'Keefe J, Dostrovsky J. The hippocampus as a spatial map. preliminary evidence
from unit activity in the freely-moving rat. Brain Res 1971 Nov;34(l):171-5.
18. Alkondon M, Albuquerque EX. Nicotinic acetylcholine receptor alpha7 and
alpha4beta2 subtypes differentially control GABAergic input to CA1 neurons in rat
hippocampus. J Neurophysiol 2001 Dec;86(6):3043-55.
19. Cobb SR, Davies CH. Cholinergic modulation of hippocampal cells and circuits. J
Physiol 2005 Jan l;562(Pt l):81-8.
20. Kandel E, Siegelbaum S. Overview of synaptic transmission. In: E. Kandel, J. H.
Schwartz, T. M. Jessel, editors. Principles of neural science. 4th ed. New York:
McGraw-Hill; 2000..
21. Kondratskaya E, Shin MC, Akaike N. Neuronal glutamate transporters regulate
synaptic transmission in single synapses on CA1 hippocampal neurons. Brain Res
Bull 2010 Jan 15;81(l):53-60.
22. Kosasa T, Kuriya Y, Matsui K, Yamanishi Y. Effect of donepezil hydrochloride
(E2020) on basal concentration of extracellular acetylcholine in the hippocampus of
rats. Eur J Pharmacol 1999 Sep 10;380(2-3): 101-7.
23. MacDonald JF, Jackson MF, Beazely MA. G protein-coupled receptors control
NMDARs and metaplasticity in the hippocampus. Biochim Biophys Acta 2007
Apr; 1768(4):941-51.
24. Shen Y, Specht SM, De Saint Ghislain I, Li R. The hippocampus: A biological model
for studying learning and memory. Prog Neurobiol 1994 Dec;44(5):485-96.

68

25. Zhong WX, Dong ZF, Tian M, Cao J, Xu L, Luo JH. N-methyl-D-aspartate receptordependent long-term potentiation in CA1 region affects synaptic expression of
glutamate receptor subunits and associated proteins in the whole hippocampus.
Neuroscience 2006 Sep 1;141 (3): 1399-413.
26. Siegel SJ, Janssen WG, Tullai JW, Rogers SW, Moran T, Heinemann SF, Morrison
JH. Distribution of the excitatory amino acid receptor subunits GluR2(4) in monkey
hippocampus and colocalization with subunits GluR5-7 and NMDAR1. J Neurosci
1995 Apr;15(4):2707-19.
27. Jia Z, Lu YM, Agopyan N, Roder J. Gene targeting reveals a role for the glutamate
receptors mGluR5 and GluR2 in learning and memory. Physiol Behav 2001
Aug;73(5):793-802.
28. Gladding CM, Fitzjohn SM, Molnar E. Metabotropic glutamate receptor-mediated
long-term depression: Molecular mechanisms. Pharmacol Rev 2009 Dec;61(4):395412.
29. Monaghan DT. Anatomical organization and apparent heterogeneity of NMDA
receptors. In: A. P. Kozikowski, editor. Neurobiology of the NMDA receptor, from
chemistry to the clinic. New York: VCH Publishers; 1991. .
30. Andreasen M, Lambert JD, Jensen MS. Direct demonstration of an N-methyl-Daspartate receptor mediated component of excitatory synaptic transmission in area
CA1 of the rat hippocampus. Neurosci Lett 1988 Oct 31 ;93( 1):61 -6.
31. Andrasfalvy BK, Magee JC. Changes in AMPA receptor currents following LTP
induction on rat CA1 pyramidal neurones. J Physiol 2004 Sep l;559(Pt 2):543-54.
32. Ashby MC, Daw MI, Isaac JTR. AMPA receptors. In: R. W. Gereau, G. T. Swanson,
editors. The glutamate receptors. Totowa: Humana Press; 2008..
33. Hollmann M, Hartley M, Heinemann S. Ca2+ permeability of KA-AMPA—gated
glutamate receptor channels depends on subunit composition. Science 1991 May
10;252(5007):851-3.
34. Verkhratsky A, Steinhauser C. Ion channels in glial cells. Brain Res Brain Res Rev
2000 Apr;32(2-3):380-412.
35. Tsuzuki K, Lambolez B, Rossier J, Ozawa S. Absolute quantification of AMPA
receptor subunit mRNAs in single hippocampal neurons. J Neurochem 2001
Jun;77(6): 1650-9.
36. DeSouza S, Fu J, States BA, Ziff EB. Differential palmitoylation directs the AMPA
receptor-binding protein ABP to spines or to intracellular clusters. J Neurosci 2002
May l;22(9):3493-503.

69

37. Lu W, Ziff EB. PICK1 interacts with ABP/GRIP to regulate AMPA receptor
trafficking. Neuron 2005 Aug 4;47(3):407-21.
38. Home EA, Dell'Acqua ML. Phospholipase C is required for changes in postsynaptic
structure and function associated with NMDA receptor-dependent long-term
depression. J Neurosci 2007 Mar 28;27(13):3523-34.
39. Petralia RS, Wenthold RJ. NMDA receptors. In: R. W. Gereau, G. T. Swanson,
editors. The glutamate receptors. Totowa: Humana Press; 2008. .
40. MacDonald JF, Porietis AV, Wojtowicz JM. L-aspartic acid induces a region of
negative slope conductance in the current-voltage relationship of cultured spinal
cord neurons. Brain Res 1982 Apr 8;237(l):248-53.
4L MacDonald JF, Wojtowicz JM. The effects of L-glutamate and its analogues upon the
membrane conductance of central murine neurones in culture. Can J Physiol
Pharmacol 1982 Mar;60(3):282-96.
42. Nowak L, Bregestovski P, Ascher P, Herbet A, Prochiantz A. Magnesium gates
glutamate-activated channels in mouse central neurones. Nature 1984 Feb 28;307(5950):462-5.
43. Cull-Candy S, Brickley S, Farrant M. NMDA receptor subunits: Diversity,
development and disease. Curr Opin Neurobiol 2001 Jun;l l(3):327-35.
44. Laurie DJ, Seeburg PH. Regional and developmental heterogeneity in splicing of the
rat brain NMDAR1 mRNA. J Neurosci 1994 May; 14(5 Pt 2):3180-94.
45. Rambhadran A, Gonzalez J, Jayaraman V. Subunit arrangement in N-methyl-Daspartate (NMDA) receptors. J Biol Chem 2010 May 14;285(20): 15296-301.
46. MacDonald JF, Kotecha SA, Lu WY, Jackson MF. Convergence of PKC-dependent
kinase signal cascades on NMDA receptors. Curr Drug Targets 2001 Sep;2(3):299312.
47. Pradeep KK, Cheriyan J, Suma Priya SD, Rajeevkumar R, Mayadevi M, Praseeda M,
Omkumar RV. Regulation of Ca2+/calmodulin-dependent protein kinase II catalysis
by N-methyl-D-aspartate receptor subunit 2B. Biochem J 2009 Apr
1;419(1): 123,32, 4 p following 132.
48. Lin Y, Jover-Mengual T, Wong J, Bennett MV, Zukin RS. PSD-95 and PKC
converge in regulating NMDA receptor trafficking and gating. Proc Natl Acad Sci U
S A 2006 Dec 26;103(52):19902-7.

70

49. Stein V, House DR, Bredt DS, Nicoll RA. Postsynaptic density-95 mimics and
occludes hippocampal long-term potentiation and enhances long-term depression. J
Neurosci 2003 Jul 2;23(13):5503-6.
50. Komiyama NH, Watabe AM, Carlisle HJ, Porter K, Charlesworth P, Monti J,
Strathdee DJ, O'Carroll CM, Martin SJ, Morris RG, O'Dell TJ, Grant SG. SynGAP
regulates ERK/MAPK signaling, synaptic plasticity, and learning in the complex
with postsynaptic density 95 and NMDA receptor. J Neurosci 2002 Nov
15;22(22):9721-32.
51. Bartos JA, Ulrich JD, Li H, Beazely MA, Chen Y, Macdonald JF, Hell JW.
Postsynaptic clustering and activation of Pyk2 by PSD-95. J Neurosci 2010 Jan
13;30(2):449-63.
52. Lu WY, Xiong ZG, Lei S, Orser BA, Dudek E, Browning MD, MacDonald JF. Gprotein-coupled receptors act via protein kinase C and src to regulate NMDA
receptors. Nat Neurosci 1999 Apr;2(4):331-8.
53. Sweatt JD. Long-term potentiation - A candidate cellular mechanism for information
storage in the central nervous system. In: Mechanisms of memory. 2nd ed. London:
Academic Press; 2010..
54. Carew TJ, Hawkins RD, Abrams TW, Kandel ER. A test of hebb's postulate at
identified synapses which mediate classical conditioning in aplysia. J Neurosci 1984
May;4(5): 1217-24.
55. Lomo T. The discovery of long-term potentiation. Philos Trans R Soc Lond B Biol
Sci 2003 Apr 29;358( 1432):617-20.
56. Bliss TV, Lomo T. Long-lasting potentiation of synaptic transmission in the dentate
area of the anaesthetized rabbit following stimulation of the perforant path. J Physiol
1973 Jul;232(2):331-56.
57. Zalutsky RA, Nicoll RA. Comparison of two forms of long-term potentiation in
single hippocampal neurons. Science 1990 Jun 29;248(4963): 1619-24.
58. Malenka RC, Nicoll RA. Long-term potentiation—a decade of progress? Science 1999
Sep 17;285(5435): 1870-4.
59. Sakagami H, Kamata A, Nishimura H, Kasahara J, Owada Y, Takeuchi Y, Watanabe
M, Fukunaga K, Kondo H. Prominent expression and activity-dependent nuclear
translocation of Ca2+/calmodulin-dependent protein kinase ¡delta in hippocampal
neurons. Eur J Neurosci 2005 Dec;22(l l):2697-707.
60. Lisman J. The CaM kinase II hypothesis for the storage of synaptic memory. Trends
Neurosci 1994 Oct;17(10):406-12.

71

61. Fukunaga K, Stoppini L, Miyamoto E, Muller D. Long-term potentiation is associated
with an increased activity of Ca2+/calmodulin-dependent protein kinase II. J Biol
Chem 1993 Apr 15;268(11):7863-7.
62. Derkach V, Barria A, Soderling TR. Ca2+/calmodulin-kinase II enhances channel
conductance of alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionate type
glutamate receptors. Proc Natl Acad Sci U S A 1999 Mar 16;96(6):3269-74.
63. Nikandrova YA, Jiao Y, Baucum AJ, Tavalin SJ, Colbran RJ. Ca2+/calmodulindependent protein kinase II binds to and phosphorylâtes a specific SAP97 splice
variant to disrupt association with AKAP79/150 and modulate alpha-amino-3hydroxy-5-methyl-4-isoxazolepropionic acid-type glutamate receptor (AMPAR)
activity. J Biol Chem 2010 Jan 8;285(2):923-34.
64. Kim MJ, Dunah AW, Wang YT, Sheng M. Differential roles of NR2A- and NR2Bcontaining NMDA receptors in ras-ERK signaling and AMPA receptor trafficking.
Neuron 2005 Jun 2;46(5):745-60.
65. Linden DJ, Routtenberg A. The role of protein kinase C in long-term potentiation: A
testable model. Brain Res Brain Res Rev 1989 Jul-Sep;14(3):279-96.
66. Hu GY, Hvalby O, Walaas SI, Albert KA, Skjeflo P, Andersen P, Greengard P.
Protein kinase C injection into hippocampal pyramidal cells elicits features of long
term potentiation. Nature 1987 Jul 30-Aug 5;328(6129):426-9.
67. Codazzi F, Di Cesare A, Chiulli N, Albanese A, Meyer T, Zacchetti D, Grohovaz F.
Synergistic control of protein kinase cgamma activity by ionotropic and
metabotropic glutamate receptor inputs in hippocampal neurons. J Neurosci 2006
Mar 29;26(13):3404-11.
68. Zucker RS, Regehr WG. Short-term synaptic plasticity. Annu Rev Physiol
2002;64:355-405.
69. Zucker RS. Calcium and transmitter release. J Physiol Paris 1993;87( 1):25-36.
70. Habets RL, Borst JG. Post-tetanic potentiation in the rat calyx of held synapse. J
Physiol 2005 Apr l;564(Pt 1): 173-87.
71. Habets RL, Borst JG. An increase in calcium influx contributes to post-tetanic
potentiation at the rat calyx of held synapse. J Neurophysiol 2006 Dec;96(6):286876.
72. Dudek SM, Bear MF. Homosynaptic long-term depression in area CA1 of
hippocampus and effects of N-methyl-D-aspartate receptor blockade. Proc Natl
Acad Sci U S A 1992 May 15;89(10):4363-7.

72

73. Lee HK, Takamiya K, He K, Song L, Huganir RL. Specific roles of AMPA receptor
subunit GluRl (GluAl) phosphorylation sites in regulating synaptic plasticity in the
CA1 region of hippocampus. J Neurophysiol 2010 Jan;103(l):479-89.
74. Snyder EM, Colledge M, Crozier RA, Chen WS, Scott JD, Bear MF. Role for A
kinase-anchoring proteins (AKAPS) in glutamate receptor trafficking and long term
synaptic depression. J Biol Chem 2005 Apr 29;280( 17): 16962-8.
75. Jin W, Ge WP, Xu J, Cao M, Peng L, Yung W, Liao D, Duan S, Zhang M, Xia J.
Lipid binding regulates synaptic targeting of PICK 1, AMPA receptor trafficking,
and synaptic plasticity. J Neurosci 2006 Mar l;26(9):2380-90.
76. Bienenstock EL, Cooper LN, Munro PW. Theory for the development of neuron
selectivity: Orientation specificity and binocular interaction in visual cortex. J
Neurosci 1982 Jan;2(l):32-48.
77. Abraham WC, Tate WP. Metaplasticity: A new vista across the field of synaptic
plasticity. Prog Neurobiol 1997 Jul;52(4):303-23.
78. Power AE, Vazdarjanova A, McGaugh JL. Muscarinic cholinergic influences in
memory consolidation. Neurobiol Learn Mem 2003 Nov;80(3): 178-93.
79. Sarter M, Hasselmo ME, Bruno JP, Givens B. Unraveling the attentional functions of
cortical cholinergic inputs: Interactions between signal-driven and cognitive
modulation of signal detection. Brain Res Brain Res Rev 2005 Feb;48(l):98-111.
80. Prado VF, Martins-Silva C, de Castro BM, Lima RE, Barros DM, Amaral E, Ramsey
AJ, Sotnikova TD, Ramirez MR, Kim HG, Rossato JI, Koenen J, Quan H, Cota VR,
Moraes MF, Gomez MV, Guatimosim C, Wetsel WC, Kushmerick C, Pereira GS,
Gainetdinov RR, Izquierdo I, Caron MG, Prado MA. Mice deficient for the
vesicular acetylcholine transporter are myasthenic and have deficits in object and
social recognition. Neuron 2006 Sep 7;51(5):601 -12.
81. Varoqui H, Erickson JD. Active transport of acetylcholine by the human vesicular
acetylcholine transporter. J Biol Chem 1996 Nov l;271(44):27229-32.
82. Ribeiro FM, Black SA, Prado VF, Rylett RJ, Ferguson SS, Prado MA. The "ins" and
"outs" of the high-affinity choline transporter CHT1. J Neurochem 2006
Apr;97(l):l-12.
83. Yamasaki M, Matsui M, Watanabe M. Preferential localization of muscarinic Ml
receptor on dendritic shaft and spine of cortical pyramidal cells and its anatomical
evidence for volume transmission. J Neurosci 2010 Mar 24;30(12):4408-18.
84. Pazzagli A, Pepeu G. Amnesic properties of scopolamine and brain acetylcholine in
the rat. Int J Neuropharmacol 1965 Sep;4(5):291-9.

73

85. Flood JF, Smith GE, Cherkin A. Memory retention: Potentiation of cholinergic drug
combinations in mice. Neurobiol Aging 1983 Spring;4(l):37-43.
86. Miyamoto M, Kato J, Narumi S, Nagaoka A. Characteristics of memory impairment
following lesioning of the basal forebrain and medial septal nucleus in rats. Brain
Res 1987 Sep 1;419(1-2): 19-31.
87. Toumane A, Durkin T, Marighetto A, Galey D, Jaffard R. Differential hippocampal
and cortical cholinergic activation during the acquisition, retention, reversal and
extinction of a spatial discrimination in an 8-arm radial maze by mice. Behav Brain
Res 1988 Oct;30(3):225-34.
88. McMahan RW, Sobel TJ, Baxter MG. Selective immunolesions of hippocampal
cholinergic input fail to impair spatial working memory. Hippocampus
1997;7(2): 130-6.
89. Berger-Sweeney J, Heckers S, Mesulam MM, Wiley RG, Lappi DA, Sharma M.
Differential effects on spatial navigation of immunotoxin-induced cholinergic
lesions of the medial septal area and nucleus basalis magnocellularis. J Neurosci
1994 Jul; 14(7):4507-19.
90. Leanza G, Nilsson OG, Wiley RG, Bjorklund A. Selective lesioning of the basal
forebrain cholinergic system by intraventricular 192 IgG-saporin: Behavioural,
biochemical and stereological studies in the rat. Eur J Neurosci 1995 Feb
l;7(2):329-43.
91. Van Kampen JM, Eckman CB. Agonist-induced restoration of hippocampal
neurogenesis and cognitive improvement in a model of cholinergic denervation.
Neuropharmacology 2010 May;58(6):921-9.
92. Cooper-Kuhn CM, Winkler J, Kuhn HG. Decreased neurogenesis after cholinergic
forebrain lesion in the adult rat. J Neurosci Res 2004 Jul 15;77(2): 155-65.
93. Andersen P, Bruland H. Kaada BR. Activation of the field CA-1 of the hippocampus
by septal stimulation. Acta Physiol Scand 1961 Jan;51:29-40.
94. Dutar P, Bassant MH, Senut MC, Lamour Y. The septohippocampal pathway:
Structure and function of a central cholinergic system. Physiol Rev 1995
Apr;75(2):393-427.
95. Nordberg A, Alafuzoff I, Winblad B. Nicotinic and muscarinic subtypes in the human
brain: Changes with aging and dementia. J Neurosci Res 1992 Jan;31(1): 103-11.
96. Fabian-Fine R, Skehel P, Errington ML, Davies HA, Sher E, Stewart MG, Fine A.
Ultrastructural distribution of the alpha7 nicotinic acetylcholine receptor subunit in
rat hippocampus. J Neurosci 2001 Oct 15;21(20):7993-8003.

74

97. Brown DA. Muscarinic acetylcholine receptors (mAChRs) in the nervous system:
Some functions and mechanisms. J Mol Neurosci 2010 Jul;41(3):340-6.
98. Levey AI, Edmunds SM, Koliatsos V, Wiley RG, Heilman CJ. Expression of ml -m4
muscarinic acetylcholine receptor proteins in rat hippocampus and regulation by
cholinergic innervation. J Neurosci 1995 May; 15(5 Pt 2):4077-92.
99. Tayebati SK, Amenta F, El-Assouad D, Zaccheo D. Muscarinic cholinergic receptor
subtypes in the hippocampus of aged rats. Mech Ageing Dev 2002 Mar
15; 123(5):521-8.
100. Rouse ST, Levey AI. Expression of ml-m4 muscarinic acetylcholine receptor
immunoreactivity in septohippocampal neurons and other identified hippocampal
afferents. J Comp Neurol 1996 Nov 18;375(3):406-16.
101. Rouse ST, Thomas TM, Levey AI. Muscarinic acetylcholine receptor subtype, m2:
Diverse functional implications of differential synaptic localization. Life Sci
1997;60( 13-14): 1031-8.
102. Kullmann D. Synaptic function. In: Per Andersen, Richard Morris, David Amaral,
Tim Bliss, John O'Keefe, editors. The hippocampus book. Toronto: Oxford
University Press; 2007..
103. Egorov AV, Heinemann U, Muller W. Muscarinic activation reduces changes in
[Ca2+]o evoked by stimulation of schaffer collaterals during blocked synaptic
transmission in rat hippocampal slices. Neurosci Lett 1996 Aug 23;214(2-3): 187-90.
104. Seeger T, Alzheimer C. Muscarinic activation of inwardly rectifying K(+)
conductance reduces EPSPs in rat hippocampal CA1 pyramidal cells. J Physiol 2001
Sep l;535(Pt 2):383-96.
105. Vilaro MT, Wiederhold KH, Palacios JM, Mengod G. Muscarinic M2 receptor
mRNA expression and receptor binding in cholinergic and non-cholinergic cells in
the rat brain: A correlative study using in situ hybridization histochemistry and
receptor autoradiography. Neuroscience 1992;47(2):367-93.
106. Segal M, Auerbach JM. Muscarinic receptors involved in hippocampal plasticity.
Life Sci 1997;60( 13-14): 1085-91.
107. McKay BE, Placzek AN, Dani JA. Regulation of synaptic transmission and
plasticity by neuronal nicotinic acetylcholine receptors. Biochem Pharmacol 2007
Oct 15;74(8):1120-33.
108. Placzek AN, Zhang TA, Dani JA. Nicotinic mechanisms influencing synaptic
plasticity in the hippocampus. Acta Pharmacol Sin 2009 Jun;30(6):752-60.

75

109. Marino MJ, Rouse ST, Levey AI, Potter LT, Conn PJ. Activation of the genetically
defined ml muscarinic receptor potentiates N-methyl-D-aspartate (NMDA) receptor
currents in hippocampal pyramidal cells. Proc Natl Acad Sci U S A 1998 Sep
15;95(19): 11465-70.
110. Jouvenceau A, Billard JM, Lamour Y, Dutar P. Persistence of CA1 hippocampal
LTP after selective cholinergic denervation. Neuroreport 1996 Mar 22;7(4):948-52.
111. Motooka Y, Kondoh T, Nomura T, Tamaki N, Tozaki H, Kanno T, Nishizaki T.
Selective cholinergic denervation inhibits expression of long-term potentiation in
the adult but not infant rat hippocampus. Brain Res Dev Brain Res 2001 Jul
23;129(1):119-23.
112. Scheiderer CL, McCutchen E, Thacker EE, Kolasa K, Ward MK, Parsons D, Harrell
LE, Dobrunz LE, McMahon LL. Sympathetic sprouting drives hippocampal
cholinergic reinnervation that prevents loss of a muscarinic receptor-dependent
long-term depression at CA3-CA1 synapses. J Neurosci 2006 Apr 5;26(14):374556.
113. Blitzer RD, Gil O, Landau EM. Cholinergic stimulation enhances long-term
potentiation in the CA1 region of rat hippocampus. Neurosci Lett 1990 Nov
13;119(2):207-10.
114. de Castro BM, Pereira GS, Magalhaes V, Rossato JI, De Jaeger X, Martins-Silva C,
Leles B, Lima P, Gomez MV, Gainetdinov RR, Caron MG, Izquierdo I, Cammarota
M, Prado VF, Prado MA. Reduced expression of the vesicular acetylcholine
transporter causes learning deficits in mice. Genes Brain Behav 2009 Feb;8(l):2335.
115. Schulz PE, Cook EP, Johnston D. Changes in paired-pulse facilitation suggest
presynaptic involvement in long-term potentiation. J Neurosci 1994
Sep;14(9):5325-37.
116. Milner AJ, Cummings DM, Spencer JP, Murphy KP. Bi-directional plasticity and
age-dependent long-term depression at mouse CA3-CA1 hippocampal synapses.
Neurosci Lett 2004 Aug 26;367(l):l-5.
117. Martin LJ, Zurek AA, MacDonald JF, Roder JC, Jackson MF, Orser BA.
Alpha5GABAA receptor activity sets the threshold for long-term potentiation and
constrains hippocampus-dependent memory. J Neurosci 2010 Apr 14;30( 15):526982.
118. Artola A, von Frijtag JC, Fermont PC, Gispen WH, Schrama LH, Kamal A, Spruijt
BM. Long-lasting modulation of the induction of LTD and LTP in rat hippocampal
CA1 by behavioural stress and environmental enrichment. Eur J Neurosci 2006
Jan;23(l):261-72.

76

119. Petralia RS, Sans N, Wang YX, Wenthold RJ. Ontogeny of postsynaptic density
proteins at glutamatergic synapses. Mol Cell Neurosci 2005 Jul;29(3):436-52.
120. Massey PV, Johnson BE, Moult PR, Auberson YP, Brown MW, Molnar E,
Collingridge GL, Bashir ZI. Differential roles of NR2A and NR2B-containing
NMDA receptors in cortical long-term potentiation and long-term depression. J
Neurosci 2004 Sep 8;24(36):7821-8.
121. Tovar KR, Westbrook GL. The incorporation of NMDA receptors with a distinct
subunit composition at nascent hippocampal synapses in vitro. J Neurosci 1999 May
15;19(10):4180-8.
122. Santucci DM, Raghavachari S. The effects ofNR2 subunit-dependent NMDA
receptor kinetics on synaptic transmission and CaMKII activation. PLoS Comprit
Biol 2008 Oct;4( 10):e 1000208.
123. Liu L, Wong TP, Pozza MF, Lingenhoehl K, Wang Y, Sheng M, Auberson YP,
Wang YT. Role of NMDA receptor subtypes in governing the direction of
hippocampal synaptic plasticity. Science 2004 May 14;304(5673): 1021 -4.
124. Salter MW, Dong Y, Kalia LV, Liu XJ, Pitcher G. Regulation of NMDA receptors
by kinases and phosphatases. In: A. M. VanDongen, editor. Biology of the NMDA
receptor. CRC Press; 2008..
125. MacDonald JF, Jackson MF, Beazely MA. Hippocampal long-term synaptic
plasticity and signal amplification of NMDA receptors. Crit Rev Neurobiol
2006; 18(1 -2):71-84.
126. Amadio M, Battaini F, Pascale A. The different facets of protein kinases C: Old and
new players in neuronal signal transduction pathways. Pharmacol Res 2006
Nov;54(5):317-25.
127. Jackson MF, Konarski JZ, Weerapura M, Czerwinski W, MacDonald JF. Protein
kinase C enhances glycine-insensitive desensitization of NMDA receptors
independently of previously identified protein kinase C sites. J Neurochem 2006
Mar;96(6):1509-18.
128. Logan SM, Rivera FE, Leonard JP. Protein kinase C modulation of recombinant
NMDA receptor currents: Roles for the C-terminal Cl exon and calcium ions. J
Neurosci 1999 Feb l;19(3):974-86.
129. Salter MW, Kalia LV. Src kinases: A hub for NMDA receptor regulation. Nat Rev
Neurosci 2004 Apr;5(4):317-28.

77

130. Macdonald DS, Weerapura M, Beazely MA, Martin L, Czerwinski W, Roder JC,
Orser BA, MacDonald JF. Modulation of NMDA receptors by pituitary adenylate
cyclase activating peptide in CA1 neurons requires G alpha q, protein kinase C, and
activation of src. J Neurosci 2005 Dec 7;25(49):11374-84.
131. Yaka R, He DY, Phamluong K, Ron D. Pituitary adenylate cyclase-activating
polypeptide (PACAP(l-38)) enhances N-methyl-D-aspartate receptor function and
brain-derived neurotrophic factor expression via RACK1. J Biol Chem 2003 Mar
14;278( 11):9630-8.
132. Raman IM, Tong G, Jahr CE. Beta-adrenergic regulation of synaptic NMDA
receptors by cAMP-dependent protein kinase. Neuron 1996 Feb; 16(2):415-21.
133. Oliveira L, Correia-de-Sa P. Protein kinase A and ca(v)l (L-type) channels are
common targets to facilitatory adenosine A2A and muscarinic Ml receptors on rat
motoneurons. Neurosignals 2005; 14(5):262-72.
134. Rosenblum K, Berman DE, Hazvi S, Dudai Y. Carbachol mimics effects of sensory
input on tyrosine phosphorylation in cortex. Neuroreport 1996 May 31 ;7(8): 1401 -4.
135. Tigaret CM, Thalhammer A, Rast GF, Specht CG, Auberson YP, Stewart MG,
Schoepfer R. Subunit dependencies of N-methyl-D-aspartate (NMDA) receptorinduced alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA)
receptor internalization. Mol Pharmacol 2006 Apr;69(4):1251-9.
136. Morishita W, Lu W, Smith GB, Nicoll RA, Bear MF, Malenka RC. Activation of
NR2B-containing NMDA receptors is not required for NMDA receptor-dependent
long-term depression. Neuropharmacology 2007 Jan;52(l):71-6.
137. Weitlauf C, Honse Y, Auberson YP, Mishina M, Lovinger DM, Winder DG.
Activation of NR2A-containing NMDA receptors is not obligatory for NMDA
receptor-dependent long-term potentiation. J Neurosci 2005 Sep 14;25(37):8386-90.
138. Shah MM, Mistry M, Marsh SJ, Brown DA, Delmas P. Molecular correlates of the
M-current in cultured rat hippocampal neurons. J Physiol 2002 Oct l;544(Pt 1):2937.
139. Vervaeke K, Gu N, Agdestein C, Hu H, Storm JF. Kv7/KCNQ/M-channels in rat
glutamatergic hippocampal axons and their role in regulation of excitability and
transmitter release. J Physiol 2006 Oct l;576(Pt l):235-56.
140. Song MK, Cui YY, Zhang WW, Zhu L, Lu Y, Chen HZ. The facilitating effect of
systemic administration of Kv7/M channel blocker XE991 on LTP induction in the
hippocampal CA1 area independent of muscarinic activation. Neurosci Lett 2009
Sep 11 ;461(1 ):25-9.

78

141. Yun SH, Park KA, Sullivan P, Pasternak JF, Ladu MJ, Trommer BL. Blockade of
nicotinic acetylcholine receptors suppresses hippocampal long-term potentiation in
wild-type but not ApoE4 targeted replacement mice. J Neurosci Res 2005 Dec
15;82(6):771-7.
142. Abraham WC, Bear MF. Metaplasticity: The plasticity of synaptic plasticity. Trends
Neurosci 1996 Apr; 19(4): 126-30.
143. Sheffler DJ, Williams R, Bridges TM, Xiang Z, Kane AS, Byun NE, Jadhav S,
Mock MM, Zheng F, Lewis LM, Jones CK, Niswender CM, Weaver CD, Lindsley
CW, Conn PJ. A novel selective muscarinic acetylcholine receptor subtype 1
antagonist reduces seizures without impairing hippocampus-dependent learning.
Mol Pharmacol 2009 Aug;76(2):356-68.
144. Clarke JR, Cammarota M, Gruart A, Izquierdo I, Delgado-Garcia JM. Plastic
modifications induced by object recognition memory' processing. Proc Natl Acad
Sci U S A 2010 Feb 9;107(6):2652-7.
145. Morris RG. Further studies of the role of hippocampal synaptic plasticity in spatial
learning: Is hippocampal LTP a mechanism for automatically recording attended
experience? J Physiol Paris 1996;90(5-6):333-4.
146. Andersen P, Morris RG, Amaral DG, Bliss TV, O'Keefe J. Historical perspective:
Proposed functions, biological characteristics, and neurobiological models of the
hippocampus. In: Per Andersen, Richard Morris, David Amaral, Tim Bliss, John
O'Keefe, editors. The hippocampus book. Toronto: Oxford University Press; 2007..
147. Woolley CS, Weiland NG, McEwen BS, Schwartzkroin PA. Estradiol increases the
sensitivity of hippocampal CA1 pyramidal cells to NMDA receptor-mediated
synaptic input: Correlation with dendritic spine density. J Neurosci 1997 Mar
1; 17(5): 1848-59.
148. Frechette M, Rennie K, Pappas BA. Developmental forebrain cholinergic lesion and
environmental enrichment: Behaviour, CA1 cytoarchitecture and neurogenesis.
Brain Res 2009 Feb 3; 1252:172-82.
149. Shinoe T, Matsui M, Taketo MM, Manabe T. Modulation of synaptic plasticity by
physiological activation of Ml muscarinic acetylcholine receptors in the mouse
hippocampus. J Neurosci 2005 Nov 30;25(48):11194-200.
150. Gray R, Rajan AS, Radcliffe KA, Yakehiro M, Dani JA. Hippocampal synaptic
transmission enhanced by low concentrations of nicotine. Nature 1996 Oct
24;383(6602):713-6.

79

151. Goto Y, Ni ¡dome T, Hongo H, Akaike A, Kihara T, Sugimoto H. Impaired
muscarinic regulation of excitatory synaptic transmission in the APPswe/PSldE9
mouse model of alzheimer's disease. Eur J Pharmacol 2008 Mar 31 ;583( 1):84-91.
152. Fernandez de Sevilla D, Cabezas C, de Prada AN, Sanchez-Jimenez A, Buno W.
Selective muscarinic regulation of functional glutamatergic schaffer collateral
synapses in rat CA1 pyramidal neurons. J Physiol 2002 Nov 15;545(Pt 1):51-63.
153. Fernandez de Sevilla D, Buno W. Presynaptic inhibition of schaffer collateral
synapses by stimulation of hippocampal cholinergic afferent fibres. Eur J Neurosci
2003 Feb;17(3):555-8.
154. Qian J, Saggau P. Presynaptic inhibition of synaptic transmission in the rat
hippocampus by activation of muscarinic receptors: Involvement of presynaptic
calcium influx. Br J Pharmacol 1997 Oct;122(3):511-9.
155. Kremin T, Gerber D, Giocomo LM, Huang SY, Tonegawa S, Hasselmo ME.
Muscarinic suppression in stratum radiatum of CA1 shows dependence on
presynaptic Ml receptors and is not dependent on effects at GABA(B) receptors.
Neurobiol Learn Mem 2006 Mar;85(2): 153-63.
156. Wu L, Bauer CS, Zhen XG, Xie C, Yang J. Dual regulation of voltage-gated
calcium channels by PtdIns(4,5)P2. Nature 2002 Oct 31 ;419(6910):947-52.
157. Roberts-Crowley ML, Mitra-Ganguli T, Liu L, Rittenhouse AR. Regulation of
voltage-gated Ca2+ channels by lipids. Cell Calcium 2009 Jun;45(6):589-601.
158. Debanne D, Guerineau NC, Gahwiler BH, Thompson SM. Paired-pulse facilitation
and depression at unitary synapses in rat hippocampus: Quantal fluctuation affects
subsequent release. J Physiol 1996 Feb 15;491 ( Pt l)(Pt 1): 163-76.
159. Dobrunz LE, Stevens CF. Heterogeneity of release probability, facilitation, and
depletion at central synapses. Neuron 1997 Jun;18(6):995-1008.
160. Bliss TV, Collingridge GL, Morris RG. Synaptic plasticity in the hippocampus. In:
Per Andersen, Richard Morris, David Amaral, Tim Bliss, John O'Keefe, editors. The
hippocampus book. Toronto: Oxford University Press; 2007. .
161. Zhou Q, Petersen CC, Nicoll RA. Effects of reduced vesicular filling on synaptic
transmission in rat hippocampal neurones. J Physiol 2000 May 15;525 Pt 1:195-206.
162. Alzamora R, Thali RF, Gong F, Smolak C, Li H, Baty CJ, Bertrand CA, Auchli Y,
Brunisholz RA, Neumann D, Hallows KR, Pastor-Soler NM. PKA regulates
vacuolar H+-ATPase localization and activity via direct phosphorylation of the A
subunit in kidney cells. J Biol Chem 2010 Jun 4.

80

163. Seeger T, Fedorova I, Zheng F, Miyakawa T, Koustova E, Gomeza J, Basile AS,
Alzheimer C, Wess J. M2 muscarinic acetylcholine receptor knock-out mice show
deficits in behavioral flexibility, working memory, and hippocampal plasticity. J
Neurosci 2004 Nov 10;24(45): 10117-27.
164. Muller W, Petrozzino JJ, Griffith LC, Danho W, Connor JA. Specific involvement
of ca(2+)-calmodulin kinase II in cholinergic modulation of neuronal
responsiveness. J Neurophysiol 1992 Dec;68(6):2264-9.
165. Blaukat A, Barac A, Cross MJ, Offermanns S, Dikic I. G protein-coupled receptormediated mitogen-activated protein kinase activation through cooperation of
galpha(q) and galpha(i) signals. Mol Cell Biol 2000 Sep;20(18):6837-48.
166. Rumbaugh G, Adams JP, Kim JH, Huganir RL. SynGAP regulates synaptic strength
and mitogen-activated protein kinases in cultured neurons. Proc Natl Acad Sci U S
A 2006 Mar 21 ; 103( 12):4344-51.
167. Fernandez de Sevilla D, Nunez A, Borde M, Malinow R, Buno W. Cholinergicmediated IP3-receptor activation induces long-lasting synaptic enhancement in CA1
pyramidal neurons. J Neurosci 2008 Feb 6;28(6): 1469-78.
168. Chung HJ, Xia J, Scannevin RFI, Zhang X, Huganir RL. Phosphorylation of the
AMPA receptor subunit GluR2 differentially regulates its interaction with PDZ
domain-containing proteins. J Neurosci 2000 Oct l;20(19):7258-67.
169. Guidine PA, Rezende GH, Queiroz CM, Mello LE, Prado VF, Prado MA, Pereira
GS, Moraes MF. Vesicular acetylcholine transporter knock-down mice are more
susceptible to pilocarpine induced status epilepticus. Neurosci Lett 2008 May
9;436(2):201-4.
170. Racine R, Newberry F, Burnham WM. Post-activation potentiation and the kindling
phenomenon. Electroencephalogr Clin Neurophysiol 1975 Sep;39(3):261-71.
171. Talwar D. Mechanisms of antiepileptic drug action. Pediatr Neurol 1990 SepOct;6(5):289-95.

7. APPENDIX

82

*A Full

Dear Dr.

08.012010
‘This is the 2nd Renewal of this protocol
Protocol submission will be required in 08X112012

Prado

Your Animal Use Protocol form entitled:

a) Elucidating the function of striatal cholinergic neurons b) Genetic analys is of cholinergic
function c) The role of basal forebrain cholinergic neurons in synaptic plasticity and cognition d)
Physiological functions of the cellular prion protein e) DECREASED CHOLINERGIC TONE AND
HEART DYSFUNCTION
has had Its yearly renewal approved by the Animal Use Subcommittee.
This approval Is valid from

08.01.2010 to 08.01.2011

The protocol number for this project remains as 2008-089
1. This number must be indicated when ordering animals for this project.
2. Animals for other projects may not be ordered under this number.
3. If no number appears please contact this office when grant approval Is received.
Ifth e application forfunding is not successful and you wish to proceed with the project, request that an Internal
scientific peer review be performed by the Animal Use Subcommittee office.
4. Purchases of animals other than through this system must be cleared through the ACVS office. Health
certificates will be required.
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Please ensure that individual(s) performing procedures on live animals, as described in this protocol, are familiar
with the contents of this document.
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components (biosafety, radiation safety, general laboratory safety) comply with institutional safety
standards and have received all necessary approvals. Please consult directly with your
institutional safety officers.

c.c.

M. Pickering, W. Lagerwerf

The University o f Western Ontario

Animal Use Subcommittee / University Coundl on Animal Care
Health Sciences Centre, • London, Ontario • CANADA -N6A 5C1
PH: 519-661-2111 ext. 36770 • FL 519-661-2023 • www.uwo.ca/animal

j

